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' PREFACE 


.llMG the past twenty-five year, the applications of »T^****£ 

..... onormoii.lv. The National Physical Laboratory was opened m 1JOU,. 
.varsities and Technical Colleges have multiplied, ami ™co^yo,i™ have °en 
growth of the Department of Scientific and Industrial Bose.ue , wtU a 
otroh Associations in many fields, its studontslups, and U. »l“'l«l 

hf(innwhile, the results of tho labours of the past are lor the 
tiered in the I Winy. of learned Societies or stored in the bi.uns 

ivo work ors to whoso oilbrts thoy aro due. . . 

To find out what are tho latest methods of Calorimotry, what exactly 
,wn abont°tho laws of Friction, how far has tho theory of the Steam Itiigmo 

:*:£,£r ;r txvss : % 

me whore it is hoped tl.o wislietl-for Information may ho found, 

Tho Science of Aeronautics, tho Design of Optio.il Instrument.,, the Me Joda 
Metallurgy, the Construction of Clonks, Tolescopos or Microscope,s, Laws 

■\Tnnii* and Acoustics Hi'O all based on Physics. 

who is no,.corned with ihoso and, indeed, wit . conn less 

her Bubioets must know, not perhaps all that lias boon done—that ...a Id 
|> heavy a task-hut whore ho may find the latest and imnit aeeumto uifon a- 

,„ 0 „ tho subject with which lie is mainly concerned, l l.is it has " . 
,ject of tho IMimmu »/ A H Md to give. Applied Lhysn.s is 

IvicH-, and tho task lias boon a heavy ono. 

The Dictionary will appear in five volumes of 80(1-1000 pages ea.fi,, and, us 
U, be soon from L names of some of the principal contributors, the Lditor ban 
,o„ fnrtmiato in securing the help of those most competent to win n• ™“ 
lhieet Ills thanks are due, in tho first place, to those colleagues, will,out whoso 
X help the Dictionary could not havo 1.non produced Ho ^ 

e a ninnhor of Scientific Societies whose Councils have alloued use of .11,, 
ions from their PnmMngs to ho freely made. Among those nliould he 
ioned in particular tho Koyal Society, tl.o Institution of Meehan,eal ltng,nee, 


V 



vi 


PREFACE 


and blio Institution of Electrical Engineers. The same help has hecn readily 
alTorcled by a number of Publishers. 

It is clear that, with so large a rango of subjects, any individual worker will, 
probably, bo concerned mainly with ono brand), and, with this in view, the 
volumes have been arranged, as far as possible, in subjects. To obtain informa¬ 
tion as to tho latest advances of Applied Electricity it will not bo necessary to 
purchase tho sections of the Dictionary dealing with Aeronautics or Meteorology. 
Tho arrangement in each volume is alphabetical, but, at the same time, it has 
been thought best to deal with each main subject—for oxamplo, tho Thermo¬ 
dynamics of tho Steam Engine—in a continuous article j references are given, 
each in its own alphabetical position, to the headings of tho various sections of 
an article and to the more important subjects which it includes. 


Uv T. hr. 
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AllSOLUTM SOAIjJS *.»!•’ T BMP Ell A'L'U 11K (Kelvin). 

If A porfuoUy revoimblo heat-engine tulioB 
in a quantity of heat Qi at^tomporaturo ii 
and rejects Q a at temperature i a , Chon 
Qt/T.-Qi/Ta provided tho temperatures 
T, and T, are measured on Uio absolute 
thermodynamic scale. Donee the Folio : 
of two l()in|KU'AtUIVH Oil Unit scale is equal i 
to Uio ratio of tho heat taken in to the 
limit rejected l»y any perfectly reversible 
on^iixo working between those.temperatures. 
Hoo “ Thermodynamics,” 88 (17), (^-)« 

“ Kn^inoB, 'riionnodynamioH of Intnmol 
Combustion,” § (7). H 

AllSOliUTH Zero, DEFINITIONS of, ON “ (.AH 

and “ Woiuc ” Huai.kh. Sod “ iliunwo* 

dynamics,” 8 M- „ ,,... 

AnsoiimoN Dynamometers. Hoo Dynamo- 
meters," § (2). 

Adsorption op Radiation ah afi'Kotino 
tiih Readings op Radiation Pvko- 
mkteiis. Hoo “ Pyromotry, Total Radia¬ 
tion,” § (30). 

Ahutment Pumps: 

Fixed. Suo “ Air-pumps," § (2d). 

Mqvalilo. .Son ibid, § (14). 

Ackim.I'Hiation Imauhh. See KlnomatioH 
of.^Inolilnwry,!* 1(4) (iv.). „ 

Auu dm i/latorh, Hydraulic. &co IlydmuuoH, 

8 (dd). . , 

Adiaiutio Change. A change m the volume 
and imMuro of a body carried out rovow- 
ihly ill fltiuli ft way that no boat is allowed 
to pass to or from tho body. Sue also 
“ Thermodynamics,” §§ (3d), (!!8). 

Adiaiutio Equation for a Prufeot Gas. 

. Seo “ EnginoH, Thermodynamics of Interna 
- Combustion,” §(20); “ Thermodynamics,' 

LyW i/qiATio Expansion op a Pmiid. Soo 
T hermodynamics," § (US). 

.HAIlATIO AND ISOTHERMAL (111ANDES. Ron 
fh EnginoH, TliormodynamioH of Internal 
°%)iimbuHtion,” § (3); “ Thermodynamics," 
” V 1§(1G), (!«)• 

YOU. I 


Akkodynamio Pumps. Sets “ Air - pinups," 

§ m 

A e no dynamic) Taciikombter : bur Measuring 
numbor of involution!) per unit timo by 
moaiiH of air proHsuro diflforoncm Sco 
“ Motors,” § (b). Vol. in. 

Akuo-nnuinb, Tub Rolls-Royce '‘Eagle.” 

Hoo “ Potrol lOtigiue, Tho Water-cooled,” 

§(«)(*•). u 
Aerostatic Puaipb, Theory op. Hoo Air- 

pumps,” § (K). 

Air, Cdnhtitukntr op, separated i»y .frac¬ 
tional Distillation. Soo “ Gases, Liquo- 
faotion of,” § (2). 

Air, Index op Rekraotion op, used as 
Hooondury Htnndard of Lomiioralin'o in tho 
range above fi()0° (3. Hco “ Tompomtiiro, 
Realisation of Absolute Scale of," § 0>1) (u.). 
Am, Spkoifio Heat op : 

At high temperature, Soo “ (janes, bjieoiuo 
I feat of, at Jligh Tompomtuim’ 

At fit)" 0. anil various pressures, tabu la tea 
values obtained by Holbom and Jacob. 
See “ Calorimetry, Elcotricai Methods of, 

§ (1(5), Table X. 

Variation with pressure over the range 
•1 to 1200 atmospheres, determined by 
Jlolborn and Jacob. Sco ibid. § (Id)- 
Ain (FREE PROM CO,), Specific Heats of: 
tabulated values obtained by School and 
I louse. Son “ Calorimetry, Electrical 
Mothods of,” § (Id), Table LX. 

Air and other Gases, Hpkoifki Heat of, 
determined at room and low temperatures 
bv tho continuous flow electrical mothod, 
by Rnhool and House. Seo ‘ Calorimetry, 
Eloetrieal Methods of,” § (Id). 

Air and Steam Meters, Calibration of. 
Hoo “ Motors for Moiumromonfc of .Steam, 

§ <d), Vol. III. 

Aiu-comi'Iuwhion Refrigerating Machines. 

Sco “ Refrigeration,” § (4). 

Atr-lift Pump. Boo " Ilydimihci!, IT, § (4 b). 
Air Meters. See "Coal-gw a»« l Au ’ 
| Motors,” Vol. lit. 

3 £ » 
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AIR-PUMPS 

Introduction 

s M) Compressors, Rvaouatous, Plowbrs. 

An air- or gas-pump is a device whereby gns 
ia transferred from a low - preasure vessel 
(L.P.V.) to a liigh-presauro vessel (II.P.V.). 
The term “ vessol” includes the frco attno- 
aphere, and tho term “gas” includes vapours. 

It is assumed, unless tho contrary is stated, 
that the L.P.V. and II.P.V. are at tho same 
temperature. 

If the L.P.V. and H.P.V. aro separated by a 
gas-tight partition, and if the gas is not n 
saturated vapour, tho pump will diminish tho 
pressure in tho L.P.V. and ineroaso it m tho 
H.P.V. ; it will act at tho satno time as a 
compressor and as an ovaouator. In practico 
one of tho two vcssols is almost always main¬ 
tained at atmospheric pressure, and variations 
of pressure in tho other vessel Mono aro im¬ 
portant. If this condition, is fulfilled, a com¬ 
pressor may ho doflnod aa a pump of which 
tho L.P.V.' is at atmospheric pressure, an 
ovaouator as one of which tho H.P.V. is at 
atmospheric pressure. 

Tho L.P.V. and H.P.V. aro seldom com¬ 
pletely separated, oxoopt in laboratory evacu- 
fttow j there is a continual stream of gas 
from one to tho other. If tho otiorgy re¬ 
quired to produce this stream is comparable 
with tho wholo work done on tho gas, the 
pump may be termed a “ blowor," or, il it is 
of ono constructional typo, a “ fan." Tho 
distinction between pumps and blowers, 
though formally indefinite, is perfectly clear 
in practico, Blowers are usually, but not 
always, compressors, producing pressures 
creator than atmospheric. In blowers there 
can bo no single and dofmito or p\„ capablo 
of general seiontifio definition ; bub there is 
usually some pair of places along tho stream 
of gas passing through tho blower at which 
it is obviously convoniont to measure pit and 
p r ,. These places may bo regarded for our 
purpose as constituting the IT.P.V. and L.P.V. 

§ (2) Notation. —Suffixes L and H donoto 
quantities referring to tho L.P.V. or H.P.V. 
Many of tho formulae given will still bo true 
if the snfiixes L and H aro intorohanged ; this 
feature is indicated by writing boforo them 
(“ L or II "). 

p, pu Ph = pressure. 

p„ — initial pressure (tho same for 
L.P.V. and II.P.V.). 

Pi,°> pn°=final pressures. 
a' “Pu°/j>i. 0 =range. 

II = atmospheric pressure. 

P—vapour pressure. 

Vy., Y]i = volumes of L.P.V. and H.P.V. 

Hi,, «u= maximam and minimum volumes 
of “ cylindor.” 


T„ Ti Tir-absolute temperature of altno- 
sphere, L.P.V. aiulTLP.V. 
m — mass of gaB. 
a —velocity. 

volumetric speed. 

W=wnrk. 
w— power. 

density. 
y = viscosity. 
e = friction eooflieiont. 

IS=13 niec h. = lneohanical efficiency. 

E Vil1 . = volumetric oflioioney. 

§ (3) Wouking Characteristics.—P umps 
may he distinguished either according to their 
working ohamotoristios or according to the 
principles on which tho action depends. Of 
tho working oharactorisLies tho following aro 
tho most important of thoso applicable to 
pumps of nil types: , ■ . , 

liangc of Pressure. —If any pump be worked 
continuously between closed vossols, there will 
ultimately bo established in thorn constant 
pressures, p n °, By tho range of ]>ressuro 

is meant either («) tho ratio Pn°/pi. , (ll j v>) 11,0 
difference pn° ~Pi.°- («) is generally the more 
important quantity and will hero lie termed 
the “ range," denoted by k ; for it is often 
approximately independent of tho absolute 
values pi, 0 , pi?. But it is never completely 
indoponclcnt; for all pumps have a minimum 
bolow which they will not reduce p r, what- 
ever is tho valuo, above this limit, of Pu, 
and all havo a maximum J)n, though it 
may bo determined only by mechanical 

Btrcngth. , . 

The range of a pump of any given typo 
may bo increased by working two or morn 
similar pumps in scries to form a “ composite 
pump, the L.P.V. of one hoing tho II.P.V <n 
tho noxb. In all important eases, the range 
of tho composite pump is approximately or 
exactly tho product of tho ranges of tho 
components. But a composite pump can 
also he built up of components of different 
typos; no general statement can be made 
about tho relation botweon tho range of 
Biieh a composite pump and those of its com¬ 
ponents. 

§ (4) Speed op Pumping. —Tho speed ts 
tho rnto at which gas is transferred from 
tho L.P.V. to tho H.P.V. Tho amount of 
gas is usually estimated by its volume at the 
pressure of the L.P.V., - whether the pump in 
a compressor or an evaeuator. Tho speed 
so estimated is called tho “ volumotrh 
speed," S, and is expressed in volume pi ) 
unit time. 1V < ■dftf 

Measurements of S are usually "pi 

observations of tho change of pn i Arifl 

pressor or of pr, in an ovacuator, ti. |fj 

or L.P.V. hoing completely oloso.< 
during tho measurement is small b 1 
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with P\\ or pu tho gas may bo regarded ns 
perfect, Consequently for an ovacuator 

£-*>**>• <» 

In a compi'Cflsor, j>i, is constant and equal to 
II. Therefore 

V„ dpn 


S — 


II dt‘ 


( 2 ) 


(3) .applied to mi evaouator or compressor 
becomes ^ 

(L or H) W = i>„V„^"(U-P)dQ . (‘D 

= P„V„(lo g ^-l^). (0) 
If II -p„ = Sp is small, (5) becomes 


In blowers the volume involved in S is 
usually estimated at p\\. It is convoniontly 
measured by some typo of flmv-motor placed 
in the outlet or inlet pipe. If tho pressure 
at tho point whore the motor is placed differs 
considerably from p a , ft correction must bo 
applied to the readings of tho meter. 

S is usually a function of pit and ?>i„ 
as well as of 'tho nature of tho pump ; hut 
there are Important exceptions. Tho rango 
K or tho maximum difference of pressure 
Pu°-J>u 0 is given by a pair (?>u°, ]>iP) suoh 

tliat S = 0. . . 

§ (5) Tins Efficiency. —Several Kinds of 
efficiencies are recognised as applicable to 
pumps and blowers ; of these tho moohamcftl 
efficiency, or the ratio of tho useful work 
dono to the total work oxponded, is alone 
applicable to all types. Both terms of tho 
ratio need further definition to rid thorn of 
ambiguity. Tho work oxponded is usually 
taken to mean either (a) tho work expended 
on tho gas in giving to it energy, com¬ 
pressive, kinetic, or thermal, or (/>) tho work 
supplied to tho mcelianism of which the 
pump consists, including tliat lost in friction 
of -olid or liquid parts. Tho oflioicnoy 
reckoned with (a) is often termed tho 
"gas” efficiency; that reckoned with (h) 
the “ over-all " oflioicnoy. , 

In pumps, whore the L.P.V. and H.L.V. s 
are Boparate, tho useful work is always taken 
to he that required to transfer the gas that 
lias actually passed from tho former to tho 
latter. This work will he least if the trans¬ 
ference is effected reversibly : if tho L.P.V. 
ami H.P.V. are at the samo temperature, tho 
rovomblo transference must lx> isothermal, 
and any change of temperature during the 
process involves tho expenditure of more 
work. If the transference is reversible and 
isothermal, tho work required to transfer ft 
mass of gas between tho atmosphoro at con¬ 
stant pressure II and a closed vessel, tho 
pressure in which is changed by tho transference 
from U to p v is given by 


nu 

W = ( (I [ - p)dV ,. 


(3) 


where V = f(p) is the isothermal characteristic 
of the mass of tho gas occupying tho closed 
vessel at tho pressure p t . If the gas is perfect, I 


(I. or H) . ((!) 

If pi is small, as in a high ovacuator, it 
becomes 

W=(M - Pi,)Vj,. ■ • ( 7 > 

In somo tox t-hoolcs, tho work done by the 
atmosphere is loft out of account; the term 
i„ It is omitted from (3), ami the second am 
third torms in tho bracket from (IS). But 
since work is ulways dono by or on tho atmo¬ 
sphere in compressing or evacuating, tlie 
offlotoncies reckoned without these terms would 
scorn to liavo no practical significance. 

In blowers tho useful effect is usually 
estimated by tho volume of gas produced at 
a given pressure. The work required to force 
a mass of gas from tho atmosphoro into a 
vessel in which the pressure m maintained 
constant and equal to p„ (by increasing the 
volume of tho vessel ns the gas enters) ih given. 

W=(p„ - if)V, .-•(«) 

where V is tho vohimo of the gas at pressure 
Consequently, if 8 is the volumetric 
sliced, and w tho work dono per second, 

w-MVa- IDS- • • * (l)) 

The stream of gas issuing from a hlower 
possesses kinetic onergy. If tho work ex¬ 
pended in giving to it this energy m to bo 
included ns useful work, there must ho added 
within tho bracket in (0) tho term p v - lf>v ■ 
It is often impoHsihle practical!y to convert 
this kinotio energy into energy of uny other 
form without stopping the (low which is the 
main purpose of tho blower; accordingly tho 
total oflioicnoy, as it is called, reckoned from 
the relation . , 

«>-(?>,, I -P'-W • • v )a) 

ia often mtoloiulmg. But it may ho noted 
that ideally it is always possible to reduce 
«_ to zero without changing S, anil thus to 
“ convert velocity into pressure ; h>r n 
the cress section of the stream is made, 
infinitely largo, an infinitely small v will givo 

a finite S. . 

In addition to tho mechanical cJIiulomiy, 
there is recognised for many pumps a quantity 
known as tho volumetric efficiency. But since 
this quantity cannot he defined generally for 
all types of pump, it will bo discussed m 
connection with tlioso to which it applies* 
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§ ((!).—-Tho remaining working cluiraetomtics 
oomuion to ail pumps aro loss capable of precise 
mrwisnrowiont; hot they am none tho less 
important, They includo simplicity and eoti- 
voiuonce, first cost and cost of maintenance, 
adaptation to available sources of power, muf 
so on. When bovwviI types of pump aro jwr- 
miBftiUlo, it is usually those chameteriatioa 
mthar than any measurable cflicionoy which 
dotormiuo tho olioico. They will ho noticed 
in connection with particular types. 

§ (7) Piujuni'LES 01 ’ Action. —For tho 
detailed consideration of tho various types of 
pump, it is move convenient fco adopt a 
olnssilicntirm based upon tho principles under¬ 
lying tho notion. Hero pumps fall into three 
great classes: 

A. Aerostatic. 

U. Aerodynamic. 

0. Molecular or High-vacuum, 

In an uernafatic. pump the transforenoo of 
gas is oflocteil i»y forces that are at any instant 
iu statical equilibrium. For any particular 
pump the range of pressure, is indopondont of 
tho speed of working within wide limits; tho 
pump cair ho worked infinitely sLowly without 
loss of range or of offioionoy, (This statement 
is not strictly truo when the viscosity of a 
luhr'niating liquid is used to secure gas- 
tight ness ; such pumps are •dynamic, hut not 
(UUYjd yuan lie.) In all practical examples tho 
statical forces aro thoso duo to compression, 
hut thuso due to change of tomperaturo might 
conceivably he used. 

In an aerodynamic- pump tho forces on tho 
gas are dynamical, and vary with fclio motion 
of tho parts of tho pump; they cease when 
tho speed of working becomes infinitely small, 
ho that tho outgo mid speed of tho pump 
vanish together, ThoBD dynamical forces 
aviso from the inortia or viseomty of the 
gas. 

The distinction between tho two classes 
unn bo expressed less formally, hub perhaps 
moro clearly, by saying that in tho first class, 
bub not in the second, the action is “ positive ” 
in tile engineering sense ; or that, whilo it is 
impossible fco blow through a pump of fcho 
first class, it is possible to blow through ono 
of the Hoaond, 

In both these classes tho forces aro such as 
nra associated with a continuous medium. 
In fclio third class the notion is duo to '* forces ’’ 
apprcoiiiblo on fclio molooulnr but not on tho 
molar scale. Tho class would properly ho 
termed “ nwkcular," but fiineo that tarm 
has been appropriated to a particular member 
of it, the less scientific expression “ high- 
vacuum ” puinpa will ho used. 

In addition to these three classes of pump, 
lhoro aro some mothods of ovaouation wbioli 
soavcoly satisfy fclio dollnilion of pumping, 


but will be conveniently noticed briclly at tho 
ond of this article. 


A. Akkostatio I*um I'fi 
§ (ft) Ranch-: and Sjmjhi).—T ho working part 
is always a vessel (O') of variable volume, «, 
0 is 

(J) connected to tho L.P.V. when its 
voluino is a maxinnim /<i,; 

(2) disconnected from fclio LAW. and tho 
volume decreased to the minimum itn; 
(,‘i) connected to the 11.1*. V, ; 

(4) disconnected from tho 1.1.1*.V. and the 
voluino incrcasod tojtf,. 


This ideal oyclo is uevor attained in practice 
but forms tho basis of any calculations. 
Kvon if tho ideal oyclo were attained, tho 
general formulae giving the relation between 
Pm }*],> 'Po after a nuinbor of eyolos n would 
ho extremely com plicated. Rut if it is as¬ 
sumed that tho gas is perfect, and that the 
transference) in isothermal, tho relation between 
(pif)„ and (pii)n+it the, values of />jj after 
tho ufcli and (n-l-I)th cycles, is 

(L or H) < !,) > 


In a compressor or ovaouator wo have from 

UO) 

(11) is trim whatever the ratio of u to the 
V’s; if it is small and if N, the number of 
cycles per unit of time, is lingo, (11) becomes 


(»h , 

\ / A 

(% 

M' v„ A)' 


( 12 ) 

From (12) ntul (1) wo obtain for tho volumetric 
speed of an ovaouator 

NV, / ]r \ 

R= vr^, ■ (“> 


anil for Unit of a compressor 

S 'V„ .Tf> 


(14) 


Tho lutigo of pressure is given by 8 — 0. 
Consequently 

Vn° % 


(LorU) 


II 


(If.) 


Tho mngo, moasured by tho ratio of tho 
pressures, Is independent of tho initial proRHiim 
and of fcho volumes of fcho L.P.V. anti Ii.P.V. 

These I'olations booomo very simple when 
mi, tho voluino of tho “ dead space,” is zero, 
Then (11)»(14) become 


Vn 

» v„ 


(compressor), 


m 
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V\, 

11 


/ V, \» 
\V,. i- uj 


H - N « (i (on mprcsaor), . 


If the II.P.V. or LP.V. is not at atmospheric 
tomperaturc, (20)-(23) must he corrected I))' 
the substitution of Vh/I’h, Vj,/Ti„ wi/L'o for 
(lb) V n , Vr., 


S = N«,w- r ‘ ~ (cvacuator). . (19) 
Thus the volumetric speed of such a pump 


would ho independent of tho pressure against 
which it worked ; its mngo -would he infinite. 

§ (9) VOIiUAl Kl'ttlO Hffkjienoy. — In no 
actual pump is tho ideal oyolo performed: 
tho yield is always less than that given by 
(10)-(H), and a fortiori less than that given 
by (1(1). (HI) on tho assumption of no dead 
spaeo. Tho dolieionoy is duo to incomplete 
“ connection ” and “ disconnection ” of tho 
L.P.V. and H.P.V. with U and with oaeh 
other, i.e. to loakago and to a failure to 
establish pressure equilibrium. 

Tho comparison of nil actual with an ideal 
pump is made in terms of tho “volumetric 
oiricionoy’’ (E v „,.), which may 1 k> roughly 
defined as the ratio of tho number of cycles 
in which an ideal pump would produce a 
given effect to tho numbin' of cycles in which 
tho actual pump produces the. same effect. 
Tho Ideal pump is assumed to havo the samo 
n u cylinder volume) us tho actual pump ; 
it is also usually assumed to have no dead 
space Mu. This last assumption is not 
necessary, for tho effect of tho dead spaeo can 
lie readily calculated if tlio pump is otherwise 
ideal; imt in the pumps for which the 
conception of volumetric efficiency is most 
important, is always mado as small ns 
possible, and its magnitude is important in 
judging the excellence of tho design. 

The “ effect ” by which E v „i, is estimated 
must ho defined. It is usually either (l) tho 
attainment of a given pr,/U or Pn/M» or (2) 
the transforeneo of a given quantity of gas 
with a fixed p f , or pij. In either oase, H v „i. 
is a function of p I , or pn. and the value of this 
jiressuro must, ho staled. For a given pr, or 
V\u Iflvul. "’iH not in general ho the samo for 
(I) and for (2). 

If (1) is adopted, and if n is tho nmnbor of 
cycles in which the actual pump establishes tho 
assigned pu/Jl or j)j,/ll, then from (1(1) and (1 <) 


Ohi-inVn 
nu tl \ I 


(compressor) 


( 20 ) 


(ovaouator). (21) 


log (p,/II) 

~ « log [V !,/(«!, h V ,,)1 

If (2) is adopted, and if N is tho number 
of cycles per unit time required for a given 
volumetric speed H, wo have from (1H) or (19) 

= : >ju Ij (compressor), . (22) 



S(V,,-!-«„) 


(ovaouator). 


( 22 ) 


§(10) Other Characteristics. — The ad¬ 
vantage which aerostatic pumps possess over 
other types lies in tlio great range which can 
ho obtained with them. They are, therefore, 
well suited for the production of very high 
or very low pressures in a single operation; 
but oxtremo pressures can be obtained with 
other types combined into composite pumps. 
They arc in general less well suited for tho 
transference of largo volumes of gas under 
moderate differences of pressure, although 
some types (Ac, d) are used for this purpose. 

Their disadvantage is that thoy cannot ex¬ 
haust vapours satisfactorily, especially when 
designed for a lai'ge range, for tlio vapours 
condense in U when its volume is reduced 
and do not pass readily into the H.P.V. j 
when tho volume is increased again, they 
evaporate onco more, return to the L.P.V., 
and keep )>n permanently at or abovo tho 
vapour pressure of the substance. Permanent 
gas mixed with tho vapour is removed very 
slowly after its partial pressure in tlio H.P.V. 
has fallen to that of tho vapour. 

Tlio various typos of aerostatic pump are 
distinguished by the construction of U and 
tlio means adopted for connecting and dis¬ 
connecting it witli the L.P.V. and H.P.V. 
Tho following sub-classes include conveniently 
all tho important types : 

Aa. Solid Piston Pumps. 

A b. Liquid Piston Pumps. 

Ac. Flexible Container Pumps. 

Ad. Rotary Aerostatic Pumps, 

A a. Solid Piston Pumps 
§(11) The Von Guericke Pump.— This is 
tho oldest typo of gas-pump, and its invention 
is generally attributed to Otto von Guericko 
(1072); it was probably developed from the 
similar water-pump. It has still a wider 
sphere of use than any other typo, being used 
for tlio attainment of pressures from 1000 
atmos. to 10"° mm., and for volumetric 
speeds from many cubic foot to a few cubic 
millimetres per minute. It is equally familiar 
in heavy engineering, in delicate laboratory 
work, and, ns the tyro pump, in everyday 
life. Broadly, tho advantages of the typo 
are a great range of pressure and great 
mechanical strength ; the disadvantages, cum¬ 
brousness and mechanical inefficiency. It is 
unrivalled for high-prcBSiiro compressors, and 
for small portable laboratory evaeuators ; for 
all other purposes it can he replaced by 
other tyjws. However, it is still widely used 
oven for blowers, the purpose for which its 
disadvantages us compared with other types 
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arc most marked. Its survival is probably 
due partly to its long history and to its re¬ 
semblance to the reciprocating steam-ongine, 
of which the constructional probloms have 
been studied so completely. 

The principle of the pump is familiar to nil. 
The vessel U is a cylinder in which moves a 
piston. Connection is made to the L.F.V. and 
II.P.V. either (a) through ports in the cylinder 
wall opened and covered by the piston, or (b) 
through valves moved “ positively ” by tho 
piston or tho mechanism that actuates it, 
or (c) through valves opened and closed by 
tho excess gas pressure, (c) is tho oldest 
arrangement and the simplest to construct, 
but it represents a departure from tho ideal 
cycle and necessarily reduces tho range bolmv 
tho ratio tt L /u„ ; for tho connection between 
U and tho L.P.V. or II.P.V. ceases before the 
pressures lmvo become equal. It is still 
standard practice in high-prossuro compressors; 
in ovnonators for moderate vacua (a) is often 
used ; in those intended for tho lowest possiblo 
pressures, ono at least of tho valves must bo of 
type (6). 

§ (12).—'Three kinds of piston pump may 
be considered rather moro fully. 'Iho high- 
pressure compressor, shown diagranimatically 
in Fig. 1, is always composite. It would not 
bn impossible to’ obtain a range of pressure 



of 200 and a final prossuro of 200 atmos. by 
a simple pump, but there arc several reasons 
why the multi-stage pump is preferable, 
Thus, it is possible to cool tho gas between 
tho stages by the “ intercoolers ” 0. Ity 
spaaing tho cranks evenly round tho crank¬ 
shaft a moro oven torque and a balanced 
motion can bo obtained. Tho construction of 
euoli pump can he adapted to tho pressures 
between which it has to work ; tho thickness 
of tho metal can bo increased, as shown in 
tho (iguro, as the pressure increases; special 
piston packings and forced lubrication can 
bo used in tho II.P. cylinders. Some makers 
profor water to oil as a lubricant at high 
pressures, and at the highest pressures the 
substitution seems necessary because oil would 
burn oxplosivoly. 

Tho volumetric efficiency of suoh a pump 
should be not less than 80 per cent; the gas 
efficiency also about 80 per cent; and tho 
ovor-ftll efficiency about GO' per cent. Tho 


work done on tho gas may bo measured, for 
tho determination of the gas efficiency, by 
indicator diagrams taken from tho cylinders. 
Thcso efficiencies arc determined largely by 
the completeness of the cooling, which is ono 
of the most important features of thcso 
pumps; they are also determined by leakage 
mid by throttling at tho valves. 

§ — Fig. 2 shows n large-scale two-stago 

ovacnator, such as is used for the condensers 



of steam-engines and for working pnonmatio 
tubes. Tho slide-valves are similar to thoso 
of a steam-engine, but to secure smooth, 
working connection is made between the 

L.P.V. and tho II.P.V. when the piston is m 
tho extreme position. Tho pistons are con¬ 
nected in tandem. If tho pump is to bo 
worked by a reciprocating steam-engine it 
would lie possible to use tho same piston- 
rod for tho driving piston, and thus to avoid 
rotary motions and hearings and to reduce 
moving parts to a minimum ; but this arrange¬ 
ment is seldom adopted ; pump and motor 
are usually separate, 

Tho volumetric oltloionoy should bo about 
8fi per cent when ?>r,=20 cm. of mercury or 
more; about 80 per cent at iffi-f* inn. i for 
lower values of pi, K-.. 1 . rapidly, 

and p,,° will not bo less Limn 1 om. iho 
over-all efficiency should bo not less than fiO 
per cent at tho higher pressures. 

§ (M ).— Fig. :$ shows part of a laboratory 
cuacualor in very gonoral use. The pump is 
composite with two stages ; the high-pressure 
monitor presents no special features and is 
not shown ; it is connected to II. _ fn tho 
low-pressure member shown, tho piston is 
covered with oil which is ojoctod at the end 
of tho stroke through tho valve, V, carrying 
tho air with it. At the same time the crank 
J, worked by tho piston guide JC, forces oil 
into tho space O by moans of tho oil-pump R ; 
from 0 the oil flows on to the top nf tho piston 
as it descends. It is claimed that tho pump 
will attain 10*° mm., if the gas and oil are 
free from vapour. A drying tube with P^s 
is necessary in tho connection L to the L.I’.V., 
and another, which can bo filled with OaOlj, 
is desirable in the outlet of the ILF. cylinder 
to keep tho oil dry. Tho pump is very 
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efficient null convenient down to pressures 
of ()•()! min., lint to obtain the highest vacua 
of whieh tlio pump is capable needs great 
care in its treatment. 

A piston pump for extremely low pressures 
lias also been developed by Oaedo 1 (1) i in 
principle it does not differ greatly from that 



shown. In order to free tho oil from water, 
and thus to dispense) with a drying agent, 
the oil is forced through a special woven 
material which effects a separation of the 
two liquids. Oaedo claims that bis pump 
without any drying agent will attain a pressure 
of 10“° mm. 

Aft. Liquid Pinion Pumps 

§ (15) Toiiukjki.t.i’h Pumv (2), (3).—It is im¬ 
possible to make a perfect fit or a gas-tight 
joint bobwoen solid bodies movable relatively 
to each other; and therefore all truly Holicl 
piston pumps have some Icakago and sumo 
dead space. Leakage can bo wholly provontod 
and dead space very nearly abolished by using 
a liquid in place of a solid for the moving 
portion of the vessel U. The ratio (pu n /pr,°) 
can bo increased by the substitution, and 
higher vacua (or higher compressions—though 
this result is not so important practically) 
obtained in a single operation. In fact a 
liquid is actually URcd in this manner in 
pumps which are usually regarded as of tho 
solid piston type. In the pump described 
last, tho oil covering tho “piston” and 
passing through the valves is really tho piston, 
and the same purpose is sorved, in part at 
least, by tho lubricating liquid of other 
pumps of section Am. However, tho typical 
liquid piston pumps were developed historic¬ 
ally from Torricelli’s, and not (lucrieko’s, 
method of ovaouation; and the distinction 

1 Figures la brackets refer to references at Ilio end 
of tlm article. 


between solid and liquid pistons, though 
slight from the standpoint of scientific 
principle, is perfectly clear in all practical 
examples. 

In the Torricellian pump tho vessel to bo 
ovacuated is completely filled' with a liquid 
of density g; the open end is placed beneath 
tho free surface of a liquid, which is usually 
tho same ns that filling tho vessel. If, in 
this position, any part of — 

the vessel is at a height 
above tho free liquid sur¬ 
face greater than h 0 , where 
h u wj “(11- P), tho surface 
of tho liquid will sink to 
tho height h 0 , and tho 
upper part of the vessel 
will contain only tho vapour 
of tho liquid at tho pressure 
P corresponding to tho pre¬ 
vailing tonipomtnro. Ah a 
liquid for such a pump, 
morciiry is especially suit¬ 
able, both on account of its high density 
and small “ barometric height,” ft 0 , and on 
account of its low vapour pressure. 

This method of evacuation has Iho obvious 
disadvantage that the. whole L.i’.V. 1ms to 
ho 11 iloil with liquid and inverted, A very 
obvious modification of it was described in 
principle by Swedenborg (1722) and put into 
a practinnl form by (loissler (1868). The action 
is dear from Fig. 4; tho 
mercury is alternately rained 
ami Imvorcd and the two- 
way ooelc nltornntoly con- 
nested to the air and to 
tho vessel to bo evacuated. 

The pump is a trim liquid 
piston punt]), differing from 
Guericke’s pump only iu 
tho nature of tho piston 
and the valves. 

§ (10) Tiik TOpmsh Pump. 

—A greatly improved form 
of tho pump originally duo 
to Ttiplor (4), but realised 
practically by Hagen and 
Necson (5), is shown in 
Fir/. 6 ; no stop-cooks are 
required. It was used in 
many classical researches 
on low vacua at the end 
of tho nineteenth century, 
being at that time rivalled only by the 
Sprongcl pump (see below) as a means of 
attaining low pressures. 

By raising tho reservoir A, mercury^ is 
driven up into tho cylinder 11, thereby driving 
out the gas from the cylinder through tho 
capillary tube 0, from which it may bo 
collected iu tho moroury trough. Mercury is 
prevented from flowing over into the vessel 
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to bo exhausted (V) by the small glass 
valvo 1). 

On lowering the reservoir, the mercury 
flows back from the cylinder, and when the 
mercury readies the lower part of the cylinder 
gas will cuter from the vessel V through the 
side-tube E, ready for expulsion at the next 
stroke, 

The lowering of the reservoir must be done 
very slowly ao long ns tho pressure in V is 
more than 2-13 mm., otherwise air entering 
tho cylinder through the sido-tubo E will 
earry mercury violently up tho tube F, and 
this may easily shatter the glass-work of tho 
cylinder. 

When tho vacuum becomes high, tho 
raising of the reservoir must ho done very 
slowly, otherwise tho “ hammer ” of tho 
roorcury at tho top of its travel in tho cylinder 
will break the oyliiulor head. 

Tho reservoir A should have about twice 
the capacity of B. Tho volumo of tlio eylitulor 
B is fixed by the work required from tho pump, 
but in ordinary laboratory models is from 500 
to 000 o.c. The capillary tube O is about 
800 mm. long and 1 mm. boro. Tho tube F 
should have a boro VI mm., and tho tube 15 
about 4 mm. This ensures that gas ontoring 
from E to I? will tend to travel in bubbles 
upward through tho mercury in F, instead of 
carrying tho morcury solidly up with it. 

The P a 0 8 tube is, of course, inserted to 
absorb water - vapour, which presents tho 
samo obstacle to this as to all aerostatic 
pumps, 

The lowest prossuro which it is possible 
to obtain with this pump is determined as in 
(15), by the ratio u\.ju\\. mj, is tho volumo of 
13, while «n is tho volumo of tho smallest 
bubblo which the morcury will carry down tho 
capillary C. This volumo is approximately 
that enclosed between tho convex surfaces 
of two morcury mcniscuses which just touch; 
it decreases with the boro of tho capillary. 
But there is sonio gas adhering to tho glass 
in addition to actual bubbles left behind by 
the morcury, whioh makes it useless to decrease 
that bore beyond a certain limit. The lowest 
pressure recorded as attained by a Tfipler 
pump is 0-000025 mm.—in addition, of enurso, 
to the vapour pressuro of tho moroury. 

The working of a Topi or by hand is oxbromeiy 
tedious, for several hours may lio required to 
reaoh tho limit of pressure. Numberless de¬ 
vices for rendering its action automatic have ! 
been proposed ; olcotrical contacts worked 
by tho moroury, or else tho weight of tho 
mercury, are used to- control the operation. 
But no description of thorn is necessary 
to-day, for tho problem of tho automatic 
Toplor seems to havo been solved finally by 
Gaedo ((5), who proposed to movo the solid 
vessel rnfchor than tho liquid piston. 


§(17) Gaedb Rotary Mercury Pump.— 
The general action of the pump can he seen 
from Figs. 0, 7, which are vertical sections 
parallel and al, right angles to tlio front of the 
pumps. The outer easing A contains mercury 
to about two-thirds of its height, and is 
connected through the pipe R with a rough 
vacuum pump (e.g. an ordinary piston pump) 
capable of maintaining a pressure of about 



'Fig. o. Fra. 7. 


10 mm. An ingonious device shown in Fig. 8 
is used for nutting off tho rough pump after 
the preliminary exhaustion. Inside this easing 
rotates a drum B, made of porcelain, to the 
side of which is attached a smaller porcelain 
drum C. Tho two drums communicate 
through tho port D. 

lb will bo seen from this diagram that if B 
is rotated in tlio direction of the arrow, the 
portion of B above tho mercury will com- 
mtmioato with tho pipe V, connected to the 
vessel to bo exhausted, so long as tho port .1) 
is not immersed. As soon as ,1) is immersed, 
tho communication with V is closed, and when 
the tail ond E of tho drum rises above 
the morcury, the 
gas will bo passed 
on to tho rough 
vacuum. 

In the pump 
as actually manu¬ 
factured two or 
three drums aro 
spaced symmetric¬ 
ally on tho same 
axle; a second 
drum is indicated 
by tho dotted lino 
in Fig. 0. Tho speed of tho pump is thoroby 
increased, but tho construction made much 
more complicated. 

Tho rango of the Gaodo pump is probably 
somewhat less than that of tlio Toplor, fnr the 
conditions for the expulsion of small bubbles 
from U are loss favourable. But since pn n 
is loss, owing to the use of the auxiliary pump 
and since its speed is much greater, the least 
pressure practically attainable is at least as 
low; a pressure of 0-00005 mm. is well within 
its power. The volumetric speed is not con¬ 
stant, as it would ho according to (10); it 
ib about 110 om, a /sco. at 0-01 inm., and falls 
off continuously at tho lowest pressures. 

_§ (18) Tub Sprung nr. Pump. — A liquid 
piston pump, using moroury but working on 
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a somewhat different principle from tlio.se 
jnsfc described, was invented by Sprcngcl in 
ISfifi (7). It lias over the Gcisslnr (and Inter 
Tbplor) pump the greater advantage that its 
notion is more nearly continuous and auto¬ 
matic. Tlie gas is carried out of the L.P.V. 
by the fall of mercury down a capillary tube, 
ns in the Top lor pump j bub it is not forced 
into that tube; it enters the tube under the 
pressure in the L.P.V. and is there trapped 
between successive drops of mercury falling 
into the top of tho tube from a reservoir. In 
another and more convenient arrangement (Fig. 
9) tho drops arc formed in the capillary by 
tho entrance of gas from the L.P.V. through a 
sitlo tube. But tho principle is the sntno; 
the liquid column in the capillary will break 
up into drops, trapping the gas botwcon thorn, 
if tho gain in surface tension on orgy due to 
tho formation of a liquid-gas surface is greater 
than tho loss in hydrostatic onorgy duo to 
tho accompanying displacement of tho liquid. 
Tho precise calculation of the conditions for 
drop formation is complicated; but it is 
clear that the Imre of the capillary must 
bo below • the limit at which drops could 
bo formed in the tube without completely 
occupying its cross-section. 

Tho volumetric speed of a “ single-fall " 
Sprougol is oxtromoly small, not moro than a 
few cubic millimetres per second. 
It can be increased by connecting 
in parallel several oapillavy tubes 
all fed from tho samo reservoir, and 
thus making a “ multiple-fall ” 
pump. The lowest pressure attain¬ 
able is llxod by the samo considera¬ 
tions ns in the Tbplor pump, but 
it may ho increased by small 
quantities of air carried into tho 
vacuum by tho stream of moroury 
from the reservoir oxposed to tho 
atmosphere. Many devices liavo 
boon suggested for avoiding this 
defect. (See (,‘l).) 

Tho Sprcngcl pump can be mado 
completely automate), if it is 
arranged that tho mercury which 
has fallen down tho capillary is 
restored periodically to tho reser¬ 
voir. Such an automatic form was at ono 
time in universal use for tho exhaustion of 
electric lamps (8). It is shown in Fig. 10, 
ami tho method of operation is obvious from 
that figure. 

Tho outlet is connected to an auxiliary 
pump maintaining a pressure of a fow cm. 
The capillary fall tubes A, into which mercury 
flows from 1) through the jets 0, are therefore 
relatively short (about 20 cm.). The bent 
tube B enables the end of tho exhaustion 
to be seen by tho disappearance of gas-bubbles 
from the mercury. 



The reservoir E is normally connected to 
H ; an occasional admission of air, in order to 
restore tho mercury to I), is controlled by a 
simple timing device set once and for all. 
It can also be controlled by the weight of the 
mercury in the reservoir. 

The common laboratory mercury still is in 
effect a Sprcngcl pump whereby gases intro¬ 
duced by the mercury are removed. 

For high-vacuum work, mercury pumps of 
these types, with the possible exception of tho 

Gncdo pump, are __ 

obsolete, and ro- [j HTMl* 

placed by those of /jk l 

Class C. They ^ ( _^ 

may, howover, bo ^ s ‘"" G fij rJ 

used as auxiliary bJ a il^l A 

pumps in series JlJLJJL 

with those of that 

class when it is I 

desired to collect _ . - 

gases pumped out 

from a vessel. For ‘ II 

this purpose ^-v ) 

tho T b pier =8=^ Y 

pump is most. L du 

suitable. ^ ” j 

§(19) ClIHMIOAJ. * 

and OTiiKit Pumps. j'io, io. 

—Tho foregoing 

pumps arc designed to attain low pressures. 
But liquid piston pumps are also of service 
for pumping chemically active gases, which 
would attack any of tho metals or other 
materials suitable for the constrnotion of 
solid piston pumps. Thus for the compres¬ 
sion of chlorine, pumps are used of which the 
cylinder and valves are made of lead -covered 
steel, while the piston consists of oil or sul¬ 
phuric acid. Tho liquid piston is set in 
motion oitlior by compressed air or by a solid 
piston working in one limb of a U-tube, tho 
other limb of which is the chlorino pump. 

Laboratory pumps essentially similar to tho 
Tbplor, hut using oil or glycerine or sulphuric 
aoid in placo of mercury, have also been used 
for some purposes. Tho lower densities of 
those liquids enable tho pumps to bo made of 
glass with a volumo much greater than that 
sot by the moolmnical strength of the glass if 
mercury were used ; or tho gas to be pumped 
may bo ono which attacks moroury. 

Again, air compressors for high pressures 
have been constructed in which water is used 
as tho piston in order that the cooling of tho 
gas may bo moro efficient. In some of these 
metal chains hanging into tho water from the 
top of tho piston liavo been used to facilitate 
tho transference of boat between the gas and the 
liquid. 

Ac. Flexible Containers 

§ (20) Bnr.i.ows.—In these pumps tho vessel 
U has flexible walls and its volume is varied by 
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changing its shape. The advantages of the 
typo are high mechanical efficiency tine to 
tiio absence of friction, simplicity of construc¬ 
tion, and consequent cheapness and mliability. 
On the otlior hand, they have a small range 
of pressure, partly beeauso the ratio mh/kc. 
is comparatively groat, partly beeauso tlio 
flexibility of fcho walls makes it impossible to 
use them at pressures differing greatly from 
atmosphoric. They arc usually nmdo for hand- 
working or very low power mechanical drives. 

The earliest examples of the type nro tho 
lungs of air - breathing animals; tho lator 
improvements of tho 
original model for this 
purpose are insignificant. 
Tho type is almost 
equally familiar in bel¬ 
lows of all kinds, for 

blowing up a lire, for 
vacuum cleaning, for 
piano-players and squeak¬ 
ing toys ; in the fountain- 
pen filler, now partially 
replaced by a piston 

pump ; in tho bulb for 
' ' scout and other sprays. 

But it is also used for loss oommonplaco 

purposes. , , 

The action of Iho blaoksmitli s bellows is 

shown diagrammatically in Fig. U- Tho 
end plates A and C arc fixed, while B is given 
a reciprocating motion. Somo bellows of this 
kind for smiths’ hearths am sovoral feet in 
diameter, with tho flexible sides of leather. 
The air is usually pumpod into a resorvoir 
bellows in which a pressure of about 0 in. of 
water is maintained by a weight. 

Fig. 11 also ropvesonts, on a different scalo, 
a useful laboratory pump. Tho bellows are 

hero mado from tho inner tube of a motor tyre, 
the corrugations being obtained by largo metal 
rings insi'do tho tubo and small rings ontsido 
placed alternately. Tho cylindrical discs A, 15, 
C are of aluminium, and ii is drivon by a crank 
from a small motor, 

§ (21).—Tho most elaborate pump of this 
olass is the organ hollows, shown on Fig. 12 ; 

tho bellows com¬ 
pressor, oallecl 
tho “ feeder ” 
hollows, is at 
F. The upper 
board A of the 
feeder is fixed 
and tho lower 
board Bis hinged 
to A by a leather 
joint. Tho 
wedge-shaped 
volume between A and .15 is enclosed by the 
wooden ribs R j tho ribs are hinged to each 
other and to A and B with leather ami cloth 



Tho board B falls by its own weight and the 
air enters through the Hat valve Vj. Air ih 
compressed in the feeder by a hand lever, 
and the air is driven through the valves V a 
into the reservoir bellows I), from which the 
air passes to tho organ. The pressure on 1> 
depends on tho weight W on tho top board. 
To ensure a uniform pressure in D whether it 
is expanded or contracted a double set of ribs 
is used, the upper set It, folding outwards 
and lower set R a folding inwards ; tho frame 
11. between the two sets of ribs is connected 
by a mechanism shown so that both halves 
of the reservoir bellows expand equally. 

§ (22).—At the opposite oxtromo of tho typo 
is tho squeezed rubber In bo pump (Fig. Ill) (ID)* 

This pump consists of" a rubber tube AjA a 
(Fig. 5) wrapped inside a hollow cylinder B and 
squeezed by two or 
more rollers 0, and 
C 8 so that tho way 
through tho tube is 
stopped at tho 
squeezed portion. 

Tho rollers C, and 
ft, roll round tho 
inside of tho cylinder 
driven by tho shaft 
1), and gas (or liquid) 
is transferred from 
A, to A a as the shaft 
rovolvcs. 

Tho squeezed por¬ 
tions act ns pistons, 
and these “ pistons ” 
nro formed at A t 
and travol along tho tube to A a where they 
disappear. 

Tho action of the pump is somewhat similar 
to tho rotary pnnip of Fig. 10, with Mm 
important difference Mint the “ ]>iston ” of 
tho rotary pump requires to he carried across 
from A a to A, and is thus liable to ymmo 
loaknge of air or liquid. The tube pump has 
no dead-spaoo and is only limited in range by 
tho strongth and tightness of tho rnhher tuhn 
to resist fcho pressure difference ; but its speed 
is small and mechanically it is inefficient. 
Tho tubo pump is particularly suitable for 
transferring gases or liquids without con¬ 
tamination, us tho plain tubo can bo easily 
elonned ami no other portion of tho pump 
can come into contact with tho fluid being 
pumped. 

An oven simpler pump of tho same type 
can clearly bo made out of a plain piooo of 
rubbor tubing pressed with tho fingers, 

Ad. Hotar;/ Pumps 

§ (23) Bi.0WEiW.-In this class tho variation 
of the volume of U iR cffcoted by tho rotary 
motion of solid bodies constituting part of its 
walls. Tho pumps arc usually driven by 
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cl ni'ii intended for continuous notion; 
Joto therefore with solid piston pumps 
in with other types of Class A, Over 
m pumps they have the advantages 
n-nical efficiency ; in mechanical 
ntnl consequently in cost, both 
mid for upkeep ; in compantness; 
i loss of air ourrent when used as 
They have disadvantage in a smaller 
pressure, in greater leakage, and 
in noisiness, But pumps of this 
mote also with those of Class B 
V Bg). For blowers typo By 
1ms the advantage in mechanical 
and simplicity. For compressors 
littlo to choose between By and 
though tho latter 1ms tho greater 
fell types ivoukl bo replaced by A« 
;ov range wore required. For ovaou- 
' is useless, while A(l provides the 
trmeliinos of modern practice for nil 
botween 10 mm. and -01 mm. 
iiiof examples of the class can be 
Into two groups, ono (l) developed 
from the Boot Blower, the 
other (2) from tlio Beale 
Blower. Tho development 
has been so gradual that it 
is difficult to associate any 
of tho pumps, or oven tho 
two archetypes, with tho 
name of any inventor. The 
groups are usually distill- 
:iy tho nature of tho “ abutment,” that 
hie or surface dividing tho II.P.V. 
o L.P.V. ; group (1) is thou oharae- 
■jy a movable abutment, (2) by ft 
ubment; for though in (2) tho bodies 
tho abutment move, tho lino or mir- 
oh is tho abutment is at rest relatively 

i >« sing. 

Movahmj Abutment.—T hcso pumps 
fly used for moving largo qnantUion 
ivgainsb a small pressure difforonco 
to 5-10 foot water pressure), 
vly example of this type was exhibited 
l?iU'is Exhibition by Elilui Boob in 
•{/. 14). It oonsists of two two-toothed 
A, B, which are made to revolve at 
o rate in opposite directions by moans 
outsido the box or pump body j the 
minded between tho wheels and tho 
is U, and its volume varies with the 
of fclio wheols. If they rotate as 

ii tho figure air would ho sucked in at 
eliverod through I). 

'ovent leakage tho wings aro machined 
.irately ns possible, and aro often 
with wood or other packing material, 
lumetric efficiency against small press- 
ay 10 inches of water) may ho as 
t 0(1 per cent, while at higher press- 
fee t of water) it will drop to 80 por 



cent. The over-all mechanical efficiency is 
about 75 per cent. 

f ig. 15 shows another typo where the 
impeller vanes V are fastened at one end to a 
disc which can sea them to rotate around tho 
fixed core. The vanes after the delivery 
stroke come into the openings in tho rotating 
body A (called the idler), which is caused to 
rotate at tho same speed as tho vanes by gears 
on the outsido. On rotat¬ 
ing further tho vanes come 
into tho suction chamber, 
whence they start again on 
the compression stroke. 

Tho pump is more com¬ 
plicated than the Boot, 
but Boveral advantages arc 
claimed. Thus surfaces 
can bo used to separate the 
two chambers whoro lines 
in tho Boot blower; air 



'’in. 1f>. 


only aro possible 

... , is compressed by 

one rotating part only; there is no contact 
between parts moving with different velocity, 
and thus there is less friction ; the mechanical 
construction is simple and cheap ; tho pulsa¬ 
tions of gns aro reduced. 

In another typo tho rotating parts are 
Hpiral vanes, which give a more, oven delivery 
of gas and make less noise ; Iho mechanism 
is not .easily fdimvn in a diagram. Many 
other devices have been adopted, some vary¬ 
ing widely in detail from those mentioned, 
but all based on the same principle; descrip¬ 
tions of them aro to bo found in makers’ 
catalogues. 

§ (25) Fixbp Amttmbnt. —These pumps, of 
which tho Bcalo blower is an early example, 
are used extensively as compressors, as blowers, 
and an ovaouators. They aro used in gas¬ 
works for g 

pumping the 
gas to tho p 
holders, anil - 
in tho factory or 
laboratory for at¬ 
taining pressures 
down to '001 mm. 

The general prin¬ 
ciple employed ir Via. to. 

shown in Fuj. 111. 

Tho cylinder J > rotates about an axial), so that 
it’touohos tho containing cylinder (! at the fixed 
abutment B. A slot in 1) carries tho plates 
or “ scrapers,” tho outer ends of which arc hold 
against tho containing cylinder C. Tho plates 
divido the Rpncn between (.! and I) into two 
parts; as 1) rotates tho volumes of those two 
parts vary in n manner readily seen from the 
liguro, in which V is tho suction and Q tlio 
compression inlet. 

Tho friction of tho snmpors on the cylinder 
involves considerable loss and wear, and many 
alternative arrangements have been devised 
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to avoid it. In ono, onntnob botween tho 
sorapers ami tho cylinder is preserved by a 
circular guide with its centre) coincident with 
that of 0. In another thorn is a single solid 
scraper which slides freoly in tlio slot in I) ; 
fcho seobion of tlio oylindor 1) is not circular, 
but such that the two onds of tho scraper 
aro in contact with tho walla whatovor the 
position of I). In anothor tho scrapers are 
pushed out by springs, but they boar on nil 
idly rotating cylinder (!' litting olosoly within 
0 and pierced with holes; the clearance 
between C and C' is made so small that tho 
leakage botween the two is inappreciable ; 
tho friction is thus reduced to that of O' on 
its hearings. In any 
pump of this type, tho 
number of scrapers may 
bo increased. Fig. 17 
shows a typo with throe 
or more scrapers, hinged 
at tho central axis M of 
tho box 11, and sliding 
in cylindrical stuffing 
boxes 0 fastened to tho 
rotating drum D; this drum touohos the 
easing in tho fixed abutment E. 

In pumps of this typo dosigned as ovaouators 
oil is always introduced into tlio cylindor to 
provont leakage and to fill up tlio dead space. 
Tlio sorapors aro usually arranged as in Fig. 16. 
In order to provont liaminoring by the oil 
when tlio vacuum is high, a valvo is fitted 
which limits tho quantity of oil flowing from 
tlio compression side ; it also liolps to separate 
tlio air from tho oil. Such ovaouators aro 
often, run in tandoin, or ono of thorn iB used in 
sories with an auxiliary pump of sonic other 
kind. If pH is 4 to 10 mm., p i, may bo reduoed 
to -0001 mm. 

Sompor vacuum pumps aro largely used 
as auxiliaries to high-vacuum pumps (C); 
they are also tlio chief typo employed in the 
preliminary evacuation of electric incandescent 
lamps, which aro subsequently “ cleanod-up ” 
by tlio discharge (])). 

B. AlMO DYNAMIC) PUMPS 

§ (2(i).—In aerodynamical pumps, tho press¬ 
ures aro functions of S and of tlio velocity 
of tiio gas in different parts of tho apparatus. 
Tho fundamental conneotion botween tlio 
pressure and voluoity of any fluid is given by 
tho familiar hydrodynamicai equation 

fl(l»+$#>»*> “0, . . . (24) 
or ft - ft = WV-»,*)■ • • (2f>) 

It is deduced on the assumptions (1) that tho 
energy required to ohango tho pressure of a 
volume V of the gas from p t to p 3 is (p i -p,)V, 
(2) that the onorgy of any such change of 
pressure which occurs is equal to tho allonge 
in tho kinetic energy of tlio gas. (I) implies 


that tlio fluid is incompressible, 1 or that tin- 
change in pressure is infinitely small ; (2) Ihivb 
thoro is no loss or gain of energy to or from 
other sources, e.g. friction of the moving gun. 
By “ tlio pressure ” must bo understood tlio 
force per unit area on a surface at rest relative’ 
to the gnu ; in n friction Jobs fluid it is equal 
at any point to tlio “static” pressure on it 
surface parallel to tlio flow at that point, hub 
moving relatively to the gas ; tho “ dynamic ’* 
pressure, or that on a surface pnrpondioular 
to tlio flow and at rest relative to tho pump, in 
p + i/m 3 , and, when (24) is true, is constant 
along tho whole stream. 

Be. Injectors and Ejectors — Gaseous Stream 
(General Rofereneo (11)) 

§ (27).—Tlicso are wholly analogous to liquid 
jot pumps (see “Hydraulics”). A gas or vapour 
(called “ tho fluid ” to distinguish it from tho 
gas to lie pumped) is forced through a tube) 
N from a reservoir It, at pressure jn\, into it 
larger tube 0 communicating with tlio atmo¬ 
sphere (see Fig. 18). If tho flow satisliecl 
assumption (2) abovo, tho stream would nob 
bo brought to rest in tho atmosphoro uhIchh 
pit were equal to II, and if pn = ll thoro would 
ho no stream. But owing to visoosity ami 
friction, pu may ho greater than II, so that n 
high voloeity is obtained in N, and yet « 
may ho zero when tho atmosphoro is reached. 
Tn these conditions, tho clifTcronco II -p, whoro 
p is tho pressure at N, is not so great as W>.v 3 
given by (24); 
but it is still 
finite and of tho 
same sign; p is 
less than II. 

If gn« in the 
space surround¬ 
ing N is givon 
access to tlio 
stream through phi. ijj. 

tho gap between 

N ami (), it will flow into tho stream of fluid 
ami 1)0 carried away by tho stream, so iunjg 
as its pressure is greater than p. Tho fluid 
streaming from N to 0 will suck gas through 
tho pipe Q and will act as an ovaouator or 
“ejector.” In an “injector” or compressor, 
Q communicates with tho atmosphoro, and tho 
space with which 0 communicates, and in 
which fcho stream comes to rest, is at n pressuro 
greater than II, but, of course, still much Iohh 
than p )t . ]) is equal to p J( ° in an ojoefcor and 
to p„° in a compressor j but if there is n 

1 Confusion is some times Introduced by a failure) 
to observe Unit tlio clilof part of the pressure of u. 
gas Is inseparable from Its compressibility ; it la 
not duo, Ilka that of a liquid, to its walnut. Tlio 
pressure of an Incompressible gns is n mcnninRleaa 
conception, The application of the theory to rahch 
I s justified only because, for small chanRCsof pressuro 
ut constant temperature, pdV = - Vilp. 
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continual stream of gas through the pump, 
pi, or pa will not he equal to p, ( 1 ) because of 
the drop duo to flow of the connecting tubes 
Q and 0 , ( 2 ) heoauso the mixing of the gas 
■with tho fluid afloots greatly the velocity and 
pressure of tho latter. 

In calculating tho porformanoo of a pump, 
allowaneo has to bo made for departures from 
(25) owing to friction and viscosity. Tho 
allowance is usually made hy introducing 
on tho right hand of (25) an empirical factor 
f, less than 1 , and writing 

= V)> • • ( 2,i ) 

whore iq, iq are tlie mean velocities ovor a 
oross-scction of tho stream. 'The principle of 
tho calculation is thou simple. There are throo 
equations (20) for tho three tubes N," 0, Q ; 
and there is the equation of conservation of 
mass when tho streams meet. (The momen¬ 
tum is not conserved, for there is a reaction 
on tho tubes.) These four equations suflioo 
to dotonnino tho four unknowns, viz. p, v s , 
v 0i Vq, in terms of pu, pu P\u tho densities 
p v and p f of the gas and fluid, tho three 
empirioal constants for the throe tubes, fa, 
fa, fa, and lfa, F«, Fq, the cross-sections of 
tho three tubes at their openings. Tho algebra 
need not be set out, for tho numerical re¬ 
sults depend wholly on the values attributed 
to tho empirical constants ; it is given in (ll). 
More it will mi (lice to state some of tho most 
important qualitative conclusions, which are 
confirmed by experiment. These wore first 
stated hy Zounor ( 12 ). 

Tho variables considered are pu, pi, p\\, Du, 
Fff, Fo, Fq, p g , p/, and 8 , tlio volumotrio 
speed, which is equal to wqFq. In each 
statement tho variables not mentioned are 
supposed oonstant. 

( 1 ) pu - pu is proportional to pn and Du s , 
so long us pu is great oomparod with pu or p\,. 

(2) S is proportional to \fp K , to Du, anti to 
Pi [ - pu subject to tho same condition. 

(il) pn~pi, dopomlH only on tho ratios of 
tho F’s, and not on their absolute values. 

(4) S is proportional to tho F’s, if their 
ratios are constant. 

(5) Given nno of those ratios, there is an 
optimum value for tho other two, giving 
maximum 8 , hut tho samo maximum 8 can 
bo obtained with different values of tho ratios. 

(fl) S is independent of p a and pf, so long as 
Du is oonstant. 

(7) 8 may be considerably greater than tho 
volumo of fluid issuing per second from N, 
e.g. two or three times as great. 

Owing to tho circumstances in which the 
pumps are used, the efficiency is seldom 
important. But tho mechanical eflieioney 
reckoned on tho basis of the work done in 
driving tho fluid stream appears seldom, if 
O' or, to oxocod 25 por cent. 


§ (28).—fn practice tho fluid used is generally 
steam or compressed air. Ejectors using these 
Ihiids are used for vacuum brakes, vacuum 
cleaners, and grain convoyors. Their great 
advantage is, of course, their simplicity and 
freedom from maintenance charges. Fig, 18 
shows a |hi nqi used for railway vacuum brake 
operation. Lb will reduce p h to about 15 cm. 
of mercury. A more elaborate pump is 
shown diagrammatically in Fig. IS). Horo a 



common supply of steam works two pumps 
in sories. Tho first consists of tile plain 
now/.lo A, tho second in the annular gap B, 
from which tho gas is carried into tho sur¬ 
rounding annular space 0. It is claimed that 
this pump will attain a pressure of 3 cm. of 
moroury. Remark should lie mado that tho 
application of the simple theory to such pumps 
is • oxtremely precarious, for tho assumption 
that tho oliango of pressure of tho gas is 
infinitesimal is clearly false. 

Fig. 20 shows a blower usoil for moving 
largo quantities of air in ventilation undor a 
pressure of a few 
inohes of wator. Air 
or steam is used as 
fluid ; tho con eon trie 
conus are designed to 
mako tho velocity of Pia, no. 

tho gun nearly parallel 

to that of the fluid, so that the direction of (low 
of tho latter is not disturbed hy irregularities 
in tho flow of the former. A somewhat similar 
arrangement is adopted in tho smoke-box of 
a locomotive, whore tho exhaust steam is 
mado to create a draught through the boiler 
(lues. 

§ ( 20 ).—Tho most modorn development of 
tho typo is tho moroury vapour jot pump used 
in conjunction with “ condensation ” high- 
vacuum pumps ( 7 .i’.). Indeed, as will ho 
scon, tho lino botwcon vapour jot pumps and 
condensation pumps cannot ho drawn sharply ; 
roughly it may ho sot at the pressure where 
tho mean freo path of the vapour molecules 
becomes comparable with tho dimensions of tlio 
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tubes ; but Micro is no justification for over¬ 
looking tiio distinction entirely. The construc¬ 
tion of llicso vapour jot pumps is essentially 
similar to Fig, 18, but the apparatus is made 
of glass; the vapour stream is produced 
by boiling mercury, and condensing arrange¬ 
ments aro provided for returning the vapour 
to the boiler. A practical form designed by 
Volition (1.1) will reduce the pressure from 
j>u~20 mm. of mercury to pi,=-001 mm. 
But it- is doubtful whether they will replace 
generally the rotary aerostatic oil-pump for 
producing tho auxiliary vacuum of liigli- 
vacuum pumps. Fragility is their great fault. 

11/. Injectors and Jijectors—Liquid Stream 

§ (30).—This typo of pump, of which tho 
laboratory filter pump (Fig. 21a) is a common 
example, is often regarded ns a mere modifica¬ 
tion of .Be, gas or vapour being replaced by a 
liquid ns fluid. But tiro difference is really 
greater. If tho theory of Be. is applied to 
pumps with liquid ns fluid, then, even if nil 
plausible corrections aro made, tho 
calculated performance is far less 
\e.g. 10 times) than the aofcual. Tho 
error arises in assuming that the 
gas and fluid arc miscible. The 
flow of tho gas into tho fluid is not 
determined simply by the pressure 
difference, and relative motion of 
tho fluid and gas is possible, even 
after thoy aro mixed in tho oxit 
tube (>. 

It seems preferable to look at 
their action from a different point 
Tiro processes are involved : first, 
the entangling af tho gas by the liquid stream; 
second, tho conveyance of tho entangled gas 
from the I*P.V. to tho H.P.V. During tho 
second process tho gas will move relatively to 
tho liquid nearly as if tho liquid wove at rest 
relatives to tho walls. Tho difference of pressure 
ultimately obtainable is limited only by tho 
condition that the velocity of the liquid onto 1 - , 
big the If.P.V. by N is sufficient to carry it 
out through O against tho pressure p u - ;; r ,. 
and is also greater than tho velocity with 
whioli tiio hubbies of entangled gas travel 
through the liquid in tho opposite direction. 
It is tho second process which determines 
tho greatest possible value of - pj,°. 

On the other hand, the speed of the pump 
is determined by the first process. Its nature 
5s obscure; probably tho liquid stream carries 
along a layer of gas on its surface, in virtue of 
friction and viscosity (cf, § (39)), as would a 
solid rod travelling with tiio same velocity. 
When tho liquid breaks into drops in virtue 
of the inherent instability of liquid jots, this 
gas becomes entangled between the drops. 

On this view tho performance of a pump 
of this typo npponra quite incalculable. No 


calculations confirmed by experiment scorn 
to have been based on any view, and few data 
of performance or of its variation with tho 
construction of the pump seem available. 

§ (31).—Tho filter pump of Fig. 21a feel with 
water at a. head of fiO ft, or more will reduce 
pi to tho vapour pressure of tho water. But 
no measurements of S under varying conditions 
have been found. It is recorded that tho 
pump is more efficient if placed at tho top 
of a building so high that tho oxit tube can 
bo mado us long as tho water 
barometer. 

A variant on tho usual design 
is shown in Fig. 2In, which is 
similar in construction to the 
Venturi meter. But since tho _ 
notion is improved by a baffle 
at b which breaks up the stream, 
it is probable that, as suggested, 
tho formation of drops is an important part of 
tho process. A non-return valvo, us shown at 
V, is useful with either of these types to 
provont the How of water into the apparatus 
if fcho head becomes insufficient, 

Evaouators of these types ore applied 
outside the laboratory to vacuum cleaning 
and to grain conveyors, Compressors work¬ 
ing on the same principle, but with a different 
construction, have also important commercial 
uses; thoy aro known as “ brompes.” In a 
vory simple form (Fig. 22), used for blowing 
blacksmiths’ fires, a stream 
of water flowing down a 
pipo with a foir holes in it 
drags with it air from tho 
atmosphere, which is sub¬ 
sequently separated from 
the water in a olowid vessel. 

A more elaborate form lias 
boon developed in America 
for supplying compressed 
air to mines where a great 
head of water is available. 

The pressure obtainable 
i« a considerable fraction 
of that corresponding to 
water. 

B</. Centrifugal Pumps 
(General Reference (II) and (14)) 

§ (32).—Centrifugal air-pumps aro analogous 
to oonbrifrgoJ liquid.pnmps {see “ Hydraulics”). 
They are generally called “ fans,” and are 
used as fans or blowers according to tho 
definition of the introduction. Tho principle 
is shown in Fig. 23, which illustrates tho 
simplest typo. Tho gas ontoring the circular 
central aperture 0 in tho housing is whirled 
round by tho rotating vanes, acquires velocity, 
and issues through B. . 

Suppose that tiio conditions necessary for 
(24) aro fulfilled, and that tho gas loaves t),o 
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of view. 
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ti P R Of tho vaucB with a radial I voloaty t,. 
uniform over the whole surface of theci'oula 
cylinder surrounding tho vanes, fho area 
of this surface is Wlrrf,-*.. whom r the 
radius of tho vanes and d their breadth pci 
pendioular to the diagram. Then 

S=F 1 » J . • • • ( 2 7) 

Tf F a is tho area of the opening, and j' a is tho 
velocity of exit uniform over tho opening, 

S = F 2 % • • • (28) 

If tho gas in acquiring its velocity from tho 
vanes preserves its original pressure ?>i„ then 
from (2. r >) l v 

p n ~ lh =MV “ V)=M 5 ® ■ * 29) 

Rut as in Section He, (24) is not truo and 
allowance has to he made for losses of energy 
duo to friction and to sudden 
changes in the direction of 
tho gas stream. Further, the 
velocities are not uniform over 
the surfaces F, and F*. Again, 
it is convenient to oxpross 
■pn-pu and R in terms of tho 
velocity of the vanes which can 
1 m measured directly ; it is usual to represent 
this velocity by tho linear velocity of the 
tipB. It may bo assumed that tq and v s an * 
proportional’ to !>„. Tho losses may ho than 
rcprcHontcd by one or morn terms proportional 
to v\ or to S®, or to Rr 0 , and tho gonorul equa¬ 
tion for tho povformaneo of tho pump written 

Pit “ Pu =“ V I'PV*7^ a - (2°) 

The constants a, /S, 7 are usually regarded 
as depending on tho angles at which tho 
stream of gas strikes tho vanes and tho 
housing; they certainly depend on tho 
goomotrioal quantities characteristic of tho 
pump. Romo progress towards calculating 
thorn directly from those magnitudes can ho 
made, hut some purely empirical constants 
arc- always necessary. In designing the forms 
of tho vanes and of tho housing such calcula¬ 
tions are a useful guide ; here roforeuce can 
only lio mado to dismissions in (11) and (14). 
It may he noted that in (110), a is always, ft 
usually, positive, while 7 is negative. 

Three kinds of efficiency are recognised for 
centrifugal pumps: 

§ (HU).—(i.) The inanometrio offioionoy I^nmn. 
is taken as <pn -?»i.)//»APr, (usually H) and ?>u 
being the static pressures of tho inflowing 
and outflowing gas. If w, were equal to J)„, 
tho maximum value of ]3,„ nn . would ho .J, 
hut since «, may be either greater or less than 
v„, I 1 ',,..,!,,, might theoretically have any vahio; 
actually it is seldom if ever greater than I. 

* (ii.) The mechanical efficiency The 

useful work is generally taken to ho given by 


( 0 ), so that if 10 is tho power oxorted at tho 
pump shaft, F| UC h,.=S(Pu Some¬ 

times tho useful work is reckoned by (Oft) ; 
tho corresponding cfliciency is called tho 
total efficiency, but it is seldom important, 
as previously ox plained. ]3 lucdl . is a true 
olTioioncy and can never bo greater than 1. 

(iii.) The volumetric efficiency E vo i., which 
is taken by some writers to bo S/iy 2 an( T by 
others to bo S/2irrdu 0 . The latter quantity 
would ho unity if tq were equal to ; tho 
former scorns to have no general significance, 
but, being a no-dimensional magnitude, is 
convenient for comparing similar designs. 
E vol is often greater than 1 if tho first 
expression is chosen, sometimes if the latter 
is chosen. 

It is apparent from (30) that tho pressure 
and tho efficiencies will vary with S, if S is 
controlled by changes in tho area F 2 or by 
other changes in tho resistance to tho flow 
of tho gas. Fig. 24 shown typical curves 
relating tho brake H.P. w, tho pressure dif¬ 
ference pit - pu anti tho mechanical efficiency 
to the volumetric speed S, the velocity of the 
vanes being constant. It will bo observed 
that, thin efficiency is zero for S~0 and for 
high values of R and has a maximum for some 
intermediate value. If mechanical efficiency 
is required tho pump must be designed for its 
special work. Jf the velocity of the pump is 
varied over a moderate range, R varies ns 



v } , pn-pt. as v\ and tho power expended is 
i) 3 . For oxtremo varieties tho “ constants ” 
of (30) chango. , 

§ (34).—Simple centrifugal fans differ m size, 
in tho number and shape of the vanes, ami in 
tho shape of the housing surrounding thorn. 
This is often divided into a “ diffuser,” or 
portion with parallel sides immediately out- 
sido Urn vanes and a “ volute,” or portion 
of eiroular section, outside the diffuser. Ulo 
eroRs-scetion of tho volute increases towards 
tho outlet in order to make somo uho of tho 
kinotio energy (seo § (fi)). Somo fans liavo 
inlet openings on both sides of the fan, Romo 
only on one. Jlut in their perform aneo, 
they all havn common eharactorislies; they 
< are* all used as low - pressure blowers, the 
1 maximum pressure obtained being about 12 m. 
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of water; Pnllh, does not exceed 103, and 
assumption (1) of §(26) is justified. In 
l arKe sizes their mechanical efficiency may 
reach 80 per cent, but usually it is more nearly 
70 per cent and intermediate between that 
of piston pumps and of Root’s Blowers. Over 
cither of these types they have the advantage 
of simplicity and of being proof against hot 
and dusty gases if the hearings arc suitably 

Pr Composite, or multi-stage, centrifugal fans 
are also common. The fans of successive 
stages run on the same shaft s the discharge 
from the circumference of ono fan is led by a 
tuho to the central intake of the next. Sinco 
- n, is proportional to p by (2.») and p is 
proportional to 2 >r, or p„, wo have in successive 
stages Sp«p, or hero x m the 

range of the simple pump and n is the number 
of stages. The range of the composite pump 
is the product of the ratio-ranges of the 
individual stages. Such multi-stage fans with 
ten or more stages, each giving k = L-1 when 
driven by a turbine or electric motor at 4001) 

r.p.m., arc 
used todclivei 
air to blast 
furnaces at a 
pressure of 2J 
atmos. They 
are also used 
for “super¬ 
charging” 
petrol motors 
on aoroplanes. 
In Fig. 215 a 
3 -stngo fan of this kind is shown; details of 
hearings, rings to prevent leakage, and the 
water-jacket of the outer casing have been 
omitted. A, B, C aro tho revolving " im¬ 
pellers,” while the parts drawn solid aro fixed. 

Bateau constructed a aimplo fan, running 
nt. 20,000 r.p.m., which gavo x = l-6; experi¬ 
ments on extremely high speeds have also 
boon matlo by Parsons and others. But 
such simple fans seem to have no practical 
advantage over the composite type. 

BA. A iracrem 

(General References (11) and (14)) 

§ (35),—In type Tty, the velocity of the gas 
produced by a' rotating solid is perpendicular 
to tho axis of rotation ; if tho velocity is 
mainly parallel to that axis, tho fan may 
ho called a “ propeller,” or, bettor, airscrew. 
In all that concerns tho general relations 
between tho velocity of the solid and tho 
velocity or pressure of the gas, airscrews 
are indistinguishable from centrifugal pumps. 
Tliua tho pressure produced by an airscrew 
is proportional to the square of its velocity, 
tho volumetric speed to tho velocity, and tho 



power to the cube of the velocity. (35) is 
still true, at least approximately, and similarly 
defined efficiencies might bo employed to state 
the performance. 

Tho difference between aivsorows and 
centrifugals lies in tho connection between 
the constants of these equations and tho 
geometrical magnitudes. Much more is known 
of this connection for airscrews, perhaps on 
account of their im¬ 
portance for other pur¬ 
poses ; for this know¬ 
ledge reference may 
bo made to “ Aero¬ 
dynamics"; since 
airscrew pumps aro 
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not very important, no further account oi 
their theory need bo given here. 

§ (36).—Airscrews are largely usoil for venti¬ 
lation, either stirring up the air in a tonm or 
extracting it into the atmosphero through it 
hole in the wall. A plain airscrew is very 
inefficient for the second purpose, since tins 
difference of velocity between the centre an" 
circumference of tho screw produces a olriuilu- 
tion within tho fan itself, as shown in ing. 

The loss due to this circulation is greater when, 
as in Fig. 20, it is tho II.P.V. that is partially 
dosed tiian when it is the L.P.V. To reduce 
the loss tho centre of the airscrew is niton 
covered with a disc to prevent the rntnni 
flow; the volumetric speed for a given 
diameter and velocity is thereby ilonroawfl, 
but the mechanical efficiency is increased. 

It is impossible to secure that all tho energy 
given to the gas shall produce axial, flow 3 
some inefficient tangential and radial lb>w 
is always produced at tho same time, in 
tho Bateau screw fan, shown in Fig. 27, tlio 
tangential and radial flow 

greatly reduced by causing 
tho gas bo strike the blades 
(B) with a velocity opposite 
to that of their rotation. 

This velocity is imposed 
on the inflowing gas by tho 
fixed vanes V. Tho centre 
of the blades is eovorod by 
fcho fixed diso T). a- shows 
a transvorsesoctlon through 
tho fan, b a “ cylindrical ” 
section mado by a cylinder 
coaxial with tho fan, cutting 
B and V and developed into 
a plane. In b the motion of 
tho blades B is upwards. Tho Bateau screw 
fan resembles in its performance a Him]do 
centrifugal. 

Some fans, dosoribed as of “ mixed flow,” 
arc intermediate between centrifugal anil 
airscrew's, tho flow' of gas being partly radial 
or tangential and partly axial. But they do 
not differ sufficiently in principle from the 
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many typos of pure airscrews and centrifugals, 
which (iro also described in makers’ catalogues, 
to warrant special notice. For small powers 
there seems little to choose between theso 
classes of fans; for larger powers the centri¬ 
fugal is more suitable ; it is also more suitable 
for the individual members of a composite 
pump. 

Bi. Thermal Pumps 

§ (37).—The principle of those is sufficiently 
disoussod under “ Convection.” The chimney 
of tho open fire which ventilates a room and j 
the gas jet in tho flue of tho chemical fume 
cupboard arc familiar oxumples of “ blowers ” 
of this type. Tho draught produced by n 
flame in a flue has also boon used to work 
small wind channels for aeronautical investiga¬ 
tion ; and generally, if only vory small powers 
are concerned and efficiency is unimportant, 
chimneys and small fans may bo regarded as 
mutually interchangeable. 

0. lIWfl-VAOUUM PUMl’S 
(General deferences (21), (22)) 

§ — During tho last few years pumps 

have been invented which will attain pressures 
dolinitoly lowor than those that can bo readied 
with any of tho pumps described so far. They 
depend upon “ molecular ” processes, that is 
to say, processes explicable by molooulnr 
theory and not by hydrostatic or hydro- 
dynamical theories, which regard a gas as a 
continuous medium. Thoso processes bocomo 
important only when the pressure of tho gas is 
bolow some dolinito limit, which is usually far 
bolow that of the atmosphere. Tho pumps 
must therefore bn run in sorios with an 
auxiliary pump which reduoos and maintains 
the pressure bolow tho limit at which tho 
notion of tho molcoulor pump begins; this 
pressure is of tho order of 0-1 mm. As 
auxiliary pumps, thoso of typo (Ad) are now 
usually employed. Further, since tho vapour 
prossuro of water is much ahovo tho limiting 
pressure, a drying agent must ho used in 
conjunction with tho auxiliary pump ; on 
the othor hand, a molceulftr pump does nob 
distinguish between vapours and permanent 
gases, and no dovico is needed to romovo 
from tho low-pressure side of tho pump any 
vapours except thoso which arise from tho 
action of the pump itself, 

Two molcoular processes have been omployod 
for Much pumps, both originally suggested by 
Goode. Hi nee the iirst type was tho only 
member of its class when first invented, it 
was called by its inventor tho “ molecular 
pump.” It is convenient to retain tho torin 
anil eonfino it to this type, although tho 
second typo, invented later, has an equal 
right to it. 

VOb. I 


Cj. Friction Pumps 

§(30) Gakoe Moleculak. 1 j biui>. — The 
action depends upon the forces betivocn a 
gas and a solid (or liquid} surface moving 
relatively to it. At ordinary pressures these 
forces aro determined by tho viscosity of the 
gas, ami tho influence of the solid boundary 
enters into tho calculation of tho flow only 
through the assumption that v n , tho velocity 
of the gas at that boundary, is zero and that 
thore is no “slip.” But at sufficiently low 
pressures Kundt and Warburg (15), confirmed 
by many later observers, showed that tho 
measured How agreed with that predicted 
hydrodynnmicftlly only if it was assumed that 
thore is Home slip, that i> u , the velocity of the 
gas at tho boundary and parallel to it, is 
finite, anil that tho force exerted on tho gas 
by tho boundary is a\ t . t in called the friction 
coefficient and c/?; the coefficient of slip. 

From the molecular standpoint the matter 
appears somewhat differently. Tho condition 
w o =0 means that the velocities of tho mole¬ 
cules leaving the boundary are symmetrical 
on either side of the normal. The appearance 
of slip at low pressures does not mean that this 
condition is no longer fulfilled. For if the 
pressure is greater on one side of the normal 
than on the other, more molecules will arrive 
at the boundary from the first side; if tho 
molecules leave the boundary equally dis¬ 
tributed on both sides, then there will be on 
tho whole a flow of gas from the first side to 
tho second, so long as the distance travelled 
by tho molecules leaving tho boundary before 
they collide is finite. On the other hand, the 
flow will bo less than it would ho if tho mole¬ 
cules left tho boundary with their velocity 
parallel to it unchanged. Accordingly the 
condition — 0 is not inconsistent n't low 
pressures with tho hydrodynnmioftl assumption 
of a finite slip coefficient. 

Knudsen (JO) has calculated tho friction 
coefficient from such a molecular theory. Ho 
assumes that whatever tho direction of the 
incident molecules, tho number with any 
voloeity leaving tho boundary within a cone 
of solid angle du making an angle II with tho 
normal is proportional to cos Cdu and that tho 
distribution of velocities is Maxwellian. lie 
conoludos that e c u . p, whore 

c c — * " * (31) 

and p 0 is tho density of tho gas at unit pressure 
and tho prevalent temperature. (31) has been 
confirmed by experiments at pressures less 
than 0-001 mm. Gnodo (17) has shown that 
at higher pressures e Q is greator, probably 
owing to tho presence of a gas film on tho 
bounding surface. 

Consider a layer of gas between two infinite 

u 
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parallel plates, distant h from each other, 
moving relatively to the gas with velocities 
i>,, Vn. Let jjj, })., he the pressures of fcho gas 
at points distant L along the direction of 
motion. If the pressure is so high that the 
mean free path is small compared Avith the 
distance between the plates, the forces oil tho 
gas are due to its viscosity; tiro relation 
bcbAvccn and p a is given by tho equation 
similar to that of Poissouillo: 

(Pl — Pz) ~ jjl • Mh + w *)> - (32) 

But if the distance hetAveen tho plates is 
small compared „\vlth tho mean free path, 
tho conception of a viscosity depending on 
collisions between molecules becomes in¬ 
significant, and tho equation must involve 
only c, depending on collisions with tho Avallc, 
It is found that 

log e ~=j®I«(0i+»a)< • • (33) 

Tho ratios of the pressures at opposito ends 
of tho plates is a function of the velocities 
and of the geometrical quantities : it is in¬ 
dependent of the pressures. If any geometri¬ 
cal arrangement other than that of parallel 
plates is used, this proposition ia still true, 
so long as the pressure is sufficiently Ioav, 
and so long as tho velocities are consider¬ 
ably less than the mean volocity of tho 
molecules, Jf this last condition were not 
fulfilled tho distribution of velocities among 
tho molecules leaving tho boundary would bo 
no longer Maxwellian, and f 0 would bo greater 
—which would clearly bo desirable for tho 
purpose in view. 

§ (-10).—Tho construction of Goode's pump 
(18) in-which this principle is applied is shown 
rlhigianiTiiatcoftlly by transverse) and longi¬ 
tudinal sections in Fig. 28. A is a oylindor 


B 



rotating in the closely fitting housing B ; in 
the surface of A uro cut grooves into Avhioh 
project the obstructions 0 attached to the 
housing; tho pipes n and m opon into the 
grooves on clthor side of C, If A rotates 
olooinvise the friction between the rotating 
oylindor ami the gas lowers tho pressure at 
n and increases it at m, Tho grooves are in 
series from tho middle outAyards; m of tho 
middle groove is connected to n of each 
of the grooves on either side, and so on; 
m of tho outermost grooves arc connected 


to tho auxiliary vacuum (H.P.V.) and » of tho 
middle groove to the L.I’.V. A is run at 
about 140 revs, per see, by a pulley and 
motor. Tho axle passes through an oil box 
Avhich seals the interior of the housing from 
tho atmosphere, The intrusion of oil from 
the oil box is prevented by an Archimedean 
screw out on tho axlo, Avhich drives tho oil 
backward; this arrangement makes it of 
great importance that the auxiliary vnotium 
should be turned on after tho pump is started, 
and turned off beforo it stops. 

Tho precise calculation of tho pressures 
obtained is very complicated ; for there has 
to be taken into account, besides tho driving 
of tho gas from n to in by tlio friction of the 
rotating oyimdor, tho leak of tho gus bunk 
from m to n past tho obstruction C and over 
the surfaco of the cylinder botween successive 
grooves, But theory shows and experiment 
confirms that at a sufficiently Ioav proflsmro 
tho ratio of initial and final pressures is 
proportional to tho speed of rotation ami 
independent of tho pressure, bub the ratio 
falls off Avhen tho pressure in any part of the 
pump rises above that (about (V02 mm.) at 
Avhich b is equal to the moan free path. At 
a speed of 140 rovs. per sec. and an auxiliary 
vacuum of 0-1 mm. imjpi, is about 10°, ho 
that a pressure of 10 _0 mm. can be obtained. 
But tho ratio varies with the gas, in virtue 
of tho occurrence of p 0 in (31); it is less Avith 
hydrogen than with air; probably hydrogen 



formed a largo part of tho gas Avith which this 
measurement avus obtained. Lower pressures 
could ho obtained Avith a hotter auxiliary 
vacuum ; but tho vacuum attainable in defi¬ 
nitely limited by that of tho auxiliary pump. 

An important fcaturo of theso pumps is tho 
groat speed of pumping. Fig. 20 A shows H 
(in om. 3 /sec.) plotted against tho pressure 
(log. scale); for comparison, R allows »S for 
tho Gaedo rotary moroury pump (A b), 

The molecular pump would have mado 
possible modern high-vaouum Avorlt ; but all 
its advantages, oxcopt one, arc poswawod 
by the next type of pump to bo oonshlowd. 
This one advantage is Umt it will romovo fill 
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vapours, whilo all other high-vacuum pumps 
leave moroury vapour, which has to he removed 
hy condensation. Blit the advantago is of 
iittlo practical importance for most work 
since the pump will maintain the vacuum 
only while it is running j if it is to ho stopped 
and tho vacuum presorvod, some form of tap 
or trap must ho iusorted, and such doviccs 
always introduce vapours. On tho obiter 
iianil tho moleoular pump is necessarily 
expensive and requires skilled attention. 
Despite its novelty and ingenuity it is already 
practically obsolete. 

Ok. Diffusion Dumps 

§ (41) Diffusion Pumps. —In Fig. 30 («) lot 
H bo tho H.P.V. in which is maintained 
ft constant pressuro, L tho L.IYV. to ho 
evacuated. Let X ho a vessel in which some 
liquid can ho heated, wliilo II, but not L, 
is cooled so as to condense its vapour. If 
tho liquid is boated to a temperature at 
which its vapour pressuro P is largo compared 
with p n , a continual Btroam of vapour will 
pour along tho tube XMH, driving tho gas 
boforo It and condensing in IT ; if the stream 



is sufficiently rapid tho gas in IT will bo tin- 
ablo to diffuse back into tho tube against it. 
On tho othor hand, tho gas in L will diffuse 
out into tho vapour stream and bo carried 
by it into H. For this diffusion is not opposed 
by a vigorous Btroam in tho contrary direction ; 
sinco L is not cooled, tho vapour will not 
condense in L, and vapour will entor it only 
at a rato sufficient to roplaco tho gas diffusing 
out. Accordingly, after rodio timo L will ho 
oomplotoly evacuated of gas and contain 
only vapour. If L is now cooled, tho vapour 
will eondonso and an almost porfoot vnouum 
bo left in L. Tho vacuum will not ho quite 
porloob because Homo gas from IE will diffuso 
bade against tho stream of vapour, howovor 
low is p n and however rapid tho stream ; but 
a consideration of tho magnitudes involved, 
will show that. tho residual pressure could 
oasily ho made inappreciable. 

Such is the principle of the diffusion pump 
in its simplest and ideal form. In pvaotice 
it is impossible to maintain tho whole of L 
(tho apparatus to ho evacuated) at or ahovo 
tho temperature of tho boiling liquid during 
the ovamifttion. L as well as IL is cooled 
sufficiently to condense tho vapour, and 
consequently if tho simple amingoment of 


Fig. 30 (a) wore adopted, tho diffusion of gas 
out of L would bo opposed by a vigorous 
stream of vapour entering ; if the gas from H 
could not diffuso against tlio stream neither 
could tho gns from L; there would ho no 
pumping. Some device, therefore, must ho 
adopted to prevent a Btroam of vapour 
entering L. 

§ (42) Gaf.de Diffusion Pump, —Thedcvico 
originally adopted by Gaedo (ID) was to 
place in the tubo leading to L an obstruction 
with a very small opening. If tho linear 
dimensions of this opening are small compared 
with tho mean freD path of tho molecules, tho 
laws of tho flow of gas and vapour through 
tho opening arc not those of liydiodynamical 
streaming, hut those of diffusion. Tho flow 
doponds on tho partial pressure of tho con¬ 
stituents of tho mixture and not on their total 
pressuro. Since, tho partial pressure of tho 
gas in tho tubo XMIT is zoro, the gas will 
diffuso out through tho entering vapour in 
spito of the fact that tho total pressure of tho 
vapour is greator in the tube than ill L. 
Tho problem can ho treated exactly by 
molecular theory. If <1 is the diameter mul ir 
the area of tlio opening at Jl, X the mean free 
path, p 0 the density of the gns at a pressure 
of 1 dyne per oiu. 4 , then the volume of the gas, 
measured at p i„ issuing through RI por sec, is 
given by 


whore 

2=« a -e -1 /*(3J-|-a’ 3 ), and 

« attains tho maximum 1 when i//\ is small; 
but a decreases with d. The maximum value 
of S, when X is iixod, is given approximately 
by d — \. This maximum will inoreaso with 
X, which, sinco tlio vapour pressure of tho 
liquid must bo greator than })«, is limited 
by j)]i. Accordingly tho speed of tlio pump 
doponds greatly on tho auxiliary vacuum, 
and also on tho temperature of tlio liquid. 
For if 1* is too small, gas will diffuse back 
from IT; if it is too largo, the diffusion of 
gas from L will bo hindered by the oppos¬ 
ing flow. Tim conditions in tlio pump noed 
thoroforo careful adjustment. On tho othor 
hand, S is independent of the pressuro of tho 
gas and dependent only cm its nature and 
temperature i this is tho most striking feature 
of all diffusion pumps. 8 is greater for tho 
lighter gases ; tlio variation of 8 with the 
nature of tho gas is tlio contrary of that for 
tlio moleoular pump. 

§ (43).—Anj' liquid could be used in a dif¬ 
fusion pump, ho long as it could ho maintained 
at tho appropriate temperature. Actually 
mercury is used, for tlio appropriate tempera¬ 
ture is convenient (I* =0-3 mm. at UK)" 0.) ; 
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moreover it is chemically stable and docs not 
ivot glass. But its universal adoption is prob¬ 
ably duo in part to the previous association of 
mercury with air-pumps—an association based 
on (piito different properties. 

TUo vapour of tho liquid used in the pump 
at tho pressure corresponding to atmospheric 
tomperftturo is left by the pump in L. It is 
easily removed from tho apparatus connected 
to L by making the connection through a trap 
cooled' in liquid air. Tho introduction of tho 
cooled trap involves, of course, a continual 
stream of vapour opposing the diffusion of tho 
gas through L; but at atmospheric tempera¬ 
tures tho vapour pressure of mercury is so 
low that the consequent diminution in tho 
spend of the pump is inappreciable. However, 
Gaedo (lil) has pointed out that tho existence 
of this stream causes a slight error, appreciable 
at tho lowest pressures, in tho measurement 
of the pressure in L by a McLeod gauge. 
Since vapour is streaming from tho gaugo to 
L, tho pressure of tho gas in L is slightly higher 
than its pressure in tho gauge. 

§ (4-1).—Tho original diffusion pump of Gaedo 
involved complicated glass construction : sinco 
• it is no longer used, it need not bo shown. 
Tho maximum value of S obtainable was about 
80 cm. and far below that of tho molecular 
pump at tho higher pressures. On tho other 
hand S was, as theory predicts, independent 
of the pressure down to tho limits of measure¬ 
ment ; at pressures loss than 10~ a min. tho 
diffusion was as good ns tho molocular pump, 
and no practical limit to tho pressure was set 
by tho diffusion of gas from 11 against tho 
vapour stream. 

Moreover, it should ho obsorvod that there 
is nothing in tho principle of tho pump to 
limit its use to very low pressures, oxcopt tho 
condition that (l=\ : if openings as small ns 
tho freo path could bo obtained at atmospheric 
pressure the pump would work. Gaedo 1ms 
actually used tho pump at atmosphorio pressure, 
taking tho pores of an earthenware pot as tho 
openings and steam as tho vapour; but since 
tho pores aro hacked by very fine tubes, 
through which tho gas has to flow boforo it 
arrives at tho pump, tho speed of suoh a 
pump is very slow ; it is not gonorally of 
practical uso. 

§ (4fi) Lanomuiii " Condensation ” Pumin 
—A simpler and more efficacious method of 
preventing tho flow of vapour into L is to use 
the inertia of tho stream to carry it past tho 
opening. Thus in tho modification shown in 
Fig. 30 (b), if tho velocity of tho stream of 
vapour issuing at 0 is ns groat as the velocity 
of tho molecules in the stream, all tho vapour 
will travel forward till it moots tho walls of 
tho outer tubo or tho gas in H; none will 
stream towards L and prevent tho diffusion 
' of gas from L, although the pressure in tho 


vapour stream, as measured by it 3 density, 
may l>e very much greater than the pressure 
in L. (It will ho seen that tho construction 
is similar to tho gas injector pump Be, 
lmt the principle of- action is different. Hia 
gas from L diffuses against tho hydrostatic 
pressure ; it docs not flow with it.) 

If tho walls of the outer tube wore heated by 
tho vapour, the liquid condensing on them 
would have a vapour pressure greater than 
that in L; there would ho a flow of vapour 
from tho heated walls towards L, which is 
cool, and this stream would once more binder 
tho diffusion of gas from L. Accordingly 
Langmuir (20), who first used this arrange¬ 
ment, laid great stress upon tho cooling oi 
tho walls struck by tho vapour stream ; he 
insisted that tho vapour must ho immediately 
condensed to the tomperftturo prevailing ir 
L, so that there should he no flow of tho vapoui 
back towards L. On account of tho import 
anco attributed to this condensation, ho termer 
his pump ft “condensation” pump to distill 
guish it from Gacdo’s diffusion pump; but i 
is equally a diffusion pump in tho senso tha 
tho gas from L follows tho gradient of purlin 
pressure, not that of total pressure. Gohrt 
(21) has pointed out that Langmuir’s prlncipl 
was anticipated by Magnus (22), who did no 
see its applications. 

It appears, moreover, that though the vor 
efficient cooling of tho walls and tho coni plot 
condensation is necessary to tho most ofTieien 
working of tho pump, it is possible to mako 
pump of this typo with much less oflioien 
cooling. This is oohioved in Crawford’ 
parallel jot pump (24). But in its workiu 
characteristics this pump resembles tho cli 
fusion rather than tho condensation piunj 
and has not the advantages of Langmuir 
pump noted bolow. 

§ (40). — The construction of Langmuir 
pump in metal (2fi) is shown in Fig. 31; it on 
also ho made without great complication i 
glass (20). Tho mercury M is maintained at 
tomporatnro of about 100° 0. by tho expend 
fcuro of about 300 watts, supplied eloetricall 
or by a burner. Tho baffle B delloots tl 
vapour Btrcain downwards and against tl 
walls cooled by tho water jacket «T. _ Tl 
L.P.V. is connected to L; tho auxiliai 
pump to II. If this pump maintains 
pressure p a of 0'01 mm. or less, >S is as grit- 
as 3000-4000 ein. 3 /scc. and is, as before, i: 
dependent of pj, down to tho lowest obsor 
able pressures. Higher pressures p\\ cleorcu 
the speed, but tho pump will work even 
tho pressure is nearly 0-1 mm. Tho spo’i 
is independent of tho tomporatnro of t 
mercury, so long as this is above ft lim 
which is greater tho greater is Pn. Tho gre 
speed of the pump—greater oven than t 
maximum of the molecular pump—and t 
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absence of any need for the accnvato control 
of temperature, arc tlio advantages that have 
caused condensation pumps to replace wholly 
the original Gacdo type. 

Many variations on the original Langmuir 
design have been made. In some of thorn 



cm. 3 /seo., and is sot by tho dimmish mu .•! ti . 
inlet tube* (sco below) rather than l-v n . 
pump itself. The auxiliary vaouuni i<i in?; 
mm. for this or the Langmuir piiniji ran 1 
obtained by oil-pumps, and pretiriiH i,,. 
difficulty. Tiie simplo pump of Fig. ;ig. 
well as tlio Langmuir and other nmie 
plicated pumps, is used on the in«(u-.i i ■ .1 
scale in the manufacture of thermionio vnlv* * 
and other higli-vacuum devices. 

§ (47) Ifrcu-VAOOUM Trohnjqui:. It 

been pointed out that fchero miiHt lm .. 

limit to the pressure rcacliod by a diltu .i. i» 
or condensation pump, determined by /)|t ,,n i 
tlio speed of tlio vapour stream. When ■ 
high-vacuum pump is used Iho piv, 
attainalilo and tlio speed of pumping »t.< 
actually limited by factors other than ihe 
cllicieney of the pump. In tlio flmt pi .,., 
the tubes connecting tlio pump to tlio uppm ,il 
offer a resistance to tlio How of gas. Is mob . it 
(10) lias shown that the volumetric hjh ei| . ■ t <i 
perfect pump iB given by 


Jj’IU. 3J. 

(20, 27) tlio heating of the mercury is effected 
by an are maintained between two mercury 
surfaces iusido the pump; in fact this 
arrangement has been appliod to largo 
mercury-vapour current rectifiers (28), so 
that the rectifier aots as its own high-vacuum 
pump, only an auxiliary pump being needed. 
Again, it lias boon proposed (21), 2U, 31) to 
combine in tlio same apparatus a mercury- 
vapour jet pump and a condensation pump, 
using tlio same stream of mercury vapour. 
Tlio two act in series, and tlio combination 
will work with an auxiliary vacuum of 10-20 
mm.; but tlio construction is complicated. 

Mowovor, special roforonco need be made 
only to one typo of this pump, roinarkablo for 
its simplicity. It is found possible to dispenso 
altogether with the inner tubo in Fig. 30 (b) 
and to make the arrangement of Fig. 30 (a) 
act as a condensation pump by merely cooling 
tlio Avails of the horizontal tube. Since the 
mercury moleoulcs striking the cooled Avails 
tlo not rebound therefrom, if tlio ooolcd tubo 
is made suificiontly long, all the molecules 
emerging from its end at M will bo moving 
parallel to the length of the tubo and Ai'ill 
not enter tlio sido tube. Ono form of such a 
pump is described in (32). An oven simpler 
construction is sboivn in Fig. 32 adopted, tho 
avIioIo being mado of sheet motai. Tlio limit 
of pn at which the pump will ivork is about 
0-015 mm., and somoAvliat higher than that; 
for tho Langmuir type. But the vnluo at 
Avhich tho maximum speed is obtained is not 
A'ery different; this maximum is about 1500 


where It is a constant dependent nf I In- f.. 

of tho connecting tubo and /»„ is the d. n -u, 



Pig. 32. 


of the gas at a pressure of 1 clyiir/cm.*, | w 
a cylindrical tubo of radius r and length 1., 


31 

'1 \/2?t 


If r is expressed in millimetres, .1, in 
then for air at 20°, 


S = 1-03 


f* 

\:* 


lm li. v, 

P'? 


S is 1000 cm. 3 /seo. for air flowing flown * 
tubo 1 metro long and about I cm. in diaiia i 
Consequently to mako *full use. of I lie >•)... - v 
of a condensation puijip, connecting i<0 * 
not less than 2 cm. in diameter must In* n.■-* >4 ; 
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if the evacuated vessel has to ho sealed oft' 
eventually, the speed is often limited by the 
diameter of tlio scaling • off constriction. If 
tliiri constriction is to ho sealed off by a blow¬ 
pipe it is difficult to make it more than 3 mm. 
in -internal dnihiotor; but it ja possible by 
heating the tube very uniformly and by 
malting the tomporaturo gradient along it 
vory stcop (c.g. by a small elcctrio fnrnaco 
surrounding it) to seal off tubes. 10 min. or 
more in diameter. 

§ ( 48 ), —Secondly, there is an evolution of 
gas from tho apparatus being exhausted, 
Glass and metals in their ordinary condition 
give oft largo quantities of gas wlion oxposod 
to a vacuum. The gas from glass is oliiofly 
water and CO, which lias been absorbed from 
tho atmosphere and will bo reabsorbed if 
the glass, having once been freed from gas, 
is exposed to tho atmosphere once more. 
Tho gas from metals is largely hydrogen and 
carbon monoxide, absorbed from flame gaseB 
(hiring manufacture and diffusing out from 
the interior, Tho evolution is greatly hastened 
by heat and, in motals at least, by making 
them tho electrode of a discharge, ovon if it 
does not oauso material heating. 

To obtain a high vacuum, it is necessary 
to heat tho glass while tho vessel is exhausted 
to the highost tomporaturo that the apparatus 
will Btaud without collapse; about half an 
hour at this tomporaturo will lihorato tho gas 
from tho surfaco, but thoro is a continual 
o void lion at this temperature which is generally 
thought to result from an actual decomposition 
of tho glass; this evolution stops when tho 
glass is cooled, hut if tho oooling is too rapid 
snmo of tho gas may condcnso on tho glass 
during oooling and be evolved slowly again. 
For Homo purposes it is dcsirablo to enclose the 
apparatus in a. vacuum furnace, bo that the 
oxternal pressure of tho atmosphere is removed 
and tho glass can ho healed for some time 
boyond tlio softening point without collapse. 
Tho motal parts must also bo boated to near 
thoir molting point for several hours ; this 
boating is effected in modern practice, either 
by making tho motal tho target of an olootron 
bombardment from an inoandcscont cathode, 
or by oxciting high-frequonoy eddy currents in 
tho motal by coils surrounding tlio apparatus. 
Much time oan bo saved by heating tho motals 
in a vacuum beforo they aro introduced into 
tho apparatus. 

By long-continued treatment of this nature 
tlio ovolution of gas can bo stopped and a 
vacuum obtained which is perfect so far as 
tlio most delicate manometers can tell, and is 
maintained indefinitely if tlio vessel is gas- 
tight. But if tho oxhaustod apparatus is 
aoalocl oft from tho pump, some gns is always 
introduced by this operation. .For in order 
to Holton tho glass it must bo heated above tho 


temperature at which an inexhaustible ovolu. 
tion of gas starts. Tho gas thus introduced 
can be diminished by heating tho sealing-oil' 
place to near its softening tomporaturo for 
some time before scaling, and then completing 
tho sealing as quickly as possible. Again 
much of tho gas (chiefly water vapour) thus 
introduced disappears, being either absorbed 
by tho glass, or “ cleaned up ” by a discharge 
subsequently passed through tho vcssol. Bui, 
it seems that, whatever precaution is taken, 
tho most delionto forms of manometer will 
always detect tho presence of some gas in a 
vessel immediately after it is sealed off. 

For further iiifornmtinn on thoso points 
roforonoo is made to (38), which is the best 
summary in English of the state of an art 
which is described in patents rather than in 
scientific journals. Some important devices 
aro still kept secret. 

I). Miscellaneous Methods of 
Evacuation 

§ (49). —It romains to consider some other 
| methods of ovacuation which, though they do 
. not satisfy any definition of a pump that 
would have boon acceptable twenty years ago, 
satisfy, ideally at least, that given at tho 
beginning of this article. Home of them are, 
and still more havo boon, of great practical 
importance ; and thoy do not appear to differ 
more radically from the older conception of a 
pump (which implied a mechanical device 
with moving parts) than tlio diffusion pumps. 
Thoir chief modem use lies in the possibility 
thoy provide of evacuating a portable vessel 
sealed off from all fixed apparatus, 

§ (50) Condensation. —Tho pressuro of the 
gas in a vessel can ho reduced hy cooling 
sufficiently any part of its walls. Tho limiting 
pressure obtainable by this means is, of eoiirnc, 
the vapour pressure of tlio substance at llm 
lowest tomporaturo available, Savory, when 
ho evacuated tho cylinder of his steam-pump 
by condensing tho steam with a jet of water, 
was using this prinolplo. It lias bad soma 
inoro modorn applications, c.rj. when a gau 
suoli as air has been removed by displacing 
it with C0 2 and then condensing the (’l 
in -liquid air. The method is also used foi* 
compression. Chlorine, CO Q and >SO a have 
been compressed into containers by contionsn. 
tion in placo of by compression pumps. 

§ (51). Ohumioal Action, —Gas can also bn 
romovod by oausing it to reant chemically 
with tho formation of solid or liquid com¬ 
pounds. Gna analysis by “ absorption ” trill* 
liquid reagents omploys this principle, but 
some developments of it need more special 
mention, 'rims it has boon shown (114) tlml. 
metallic calcium heated to 700° 0. will eombiim 
with most, if not all, gases, oxcopt those of 



AIR-PUMPS 


tho inactive group, to form solid compounds 
with low vapour pressures. Hut some of 
tho compounds, especially the hydride, have 
considorablo dissociation pressures at slightly 
higher temperatures, and tho temperature of 
tho metal must bo carofully controlled. Tho 
method has its uses in special circumstances 
(e.g. whore high vacua have to bo maintained 
away from a laboratory or supply of liquid air). 
Tho alkali motats will also combine with all 
active gases ; tho combination is usually 
brought about by tho electric discharge. It 
has long boon known that a discharge passed 
with a oath ode of sodium or potassium 
(moro conveniently tho alloy of tho two) will 
romovo the common gases down to tho 
pressure where tho discharge ceases. Tho 
latest development in this direction is absorp¬ 
tion by heated thorium or zirconium (35). 

§(52) AiisoitrTlON. — Bub such chemical 
methods linvo been little practised since tho 
discovery of tho powerful absorption for gas 
of charcoal at low temperatures. From the 
discovery of the method by Dowav (3G) to tho 
invention of the molecular pump in 1013, 
it was the standard method of producing 
extreme vacua unattainable by liquid piston 
pumps. A glass or, preferably, silica tube 
containing a few grams of charcoal is attached 
to tho vessel to bo evaouated. The charcoal 
is heated during tho preliminary exhaustion 
of tho vessol, which Bliould ho carried to -001 
mm.; tho vessel is then disconnected from tho 
pump ami the charcoal tube cooled in liquid 
air. If tho vessel is largo and tho highest 
vadium is required, two or moro charcoal 
tubes may ho attached, one being sealed off 
before tho noxt is cooled. 

Many experiments linvo been mado on (l) 
tho relative amounts of different gases which 
charcoal will absorb at different temperatures 
and (2) tho absolufco amounts absorbed by 
charcoal prepared in different ways. A full 
discussion of the results is boyond tho scope of 
this article, and for fuller information reference 
may ho mado to a good summary in (37). 
As regards (l) it appears that, .in general, 
gasos nvo moro absorbod tho higher their boiling 
points, the oxcoptlon being tho inactive gases 
which are but slightly absorbed. The mass 
absorbed is proportional to tho mass of tho 
charcoal; it increases a3 tho temperature is 
decreased and as tho final pressure of tho 
residual gas is increased; it is doubtful, 
therefore, whether a really perfect vacuum 
could bo obtained by tho method in ideal 
conditions, bub, as with tho diffusion pump, 
tho actual limit lies beyond the range of 
measurement. Tho rate of absorption de¬ 
creases greatly as tho equilibrium pressure 
is attained, and, though tho speed of evacua¬ 
tion is rapid compared with that of any 
piston pump down to -0001 mm., it is probably 


slower than that of the Langmuir pump at 
lower pressures. 

As regards (2), there is some conflict of 
evidence which has been only partially removed 
by the very complete study of the absorption 
by charcoal which resulted from its use in 
gas masks during the late war. In general 
tho denser charcoal from the harder woods 
shows tho greater absorption ; the shell of 
the cocoanut and the kernels of somo fruits 
are the best raw materials. Tho original 
coking should bo at a temperature not exceed¬ 
ing 900° C., and must be followed by somo 
process for the removal of residual hydro¬ 
carbons. For this purposo heating in a st ream 
of chlorine at 800° followed by heating at tho 
same temperature in hydrogen has been 
suggested; but the best modern practice 
appears to bo alternate absorption of air or 
oxygen at atmospheric pressure anti liquid 
air tomperature with “ out-gnssing " of tho 
absorbed gas by evacuation nt 400°-500° C. 
Somo writers maintain that all absorbed gases 
can he removed by heating to (500° 0., others 
that heating to any temperature over 500° im¬ 
pairs the subsequent absorption. It has been 
found also that charcoal, activated by special 
processes, will produce high vacua even > 
atmospheric tomperature. 

Absorption, similar to that of charcoal, 
displayed by other finely divided solids. 1 
fact, all solids probably absorb some gas at s 
temperatures, tho differences aro merely ■ 
degree. Of the other solids proposed f< 
practical evacuation, palladium block (which 
will absorb other gases as well as hydrogel.] 
and finely divided copper may be montionc 1, 
In addition rcfcronco may bo innelo to tho ui 
usually great absorption of hydrogen by tai .• 
talum at atmospheric pressure. Here aga n 
reference may he mado to (38). 

§ (53) Adsorption in the Ei.kctric Di 
charge. —In tho early study of X-rays it wi 
found that a hard tubo often became “ harder 
by tho passage of the discharge through it i> 
consequenco of a disappearance of part of tli 
residual gas. This disappearance seems to b 
a normal accompaniment of the discharge 
when it does not lake place, or when tli 
contrary process of an evolution of gas occuri 
it is because tho normal disappearance i 
obscured by an evolution of gas caused b; 
heating or possibly by some other and diatinc; 
action of the disoharge. 

Tho facts concerning this absorption of gn i 
aro still obscure, and still more obsoui'e 
explanation of them. It is certain that 
inactive gases are in general less absorbed 1 
others, but whether and to what extent 
nature of the electrodes and of the wans 
determine tho absorption is not yet certain. 
Hero reference will only bo made to those 
aotions of the discharge in ‘'cleaning-up” 
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gas which tiro of practical inipiirlaneo. A 
general refercnco may 1»i* given to (JSO). 

Tlio final oviuuiutinn of such apparatus us 
thormiunio valves, reulilioi-s and X-ray tubes 
in probably ufTncLud l»y tho discharge. How¬ 
ever carefully tho ap|w.i'ictiis is evacuated by 
pumping. Homo gas in always introduced in 
Dealing oft from tho primp. Thin gas is 
largely, if not entirely, absorbed by the walls 
anil eloofcrodoH before any discharge passes; 
bub (lining tho Aral few momenta of blio dis¬ 
charge, wliioh ropremmts tlio normal fimotion 
of Uio apiiurnliiH, kiiiiio furtlior ohnngo occurs 
wliioh make.} tlio “ oloiui-up ” moro comploto 
and morn permanent. 

it 1ms long been known that tlio pasnago 
of the discharge between suilublo electrodes 
would promote olioiniiuil uotiems which lead 
to Uio rninoval of gas. An instance is provided 
|,y tlio discharge hatwocn electrodes of blio 
aikall mol als, wliioh has been already mon- 
tionocl, Again, it has been fouml that ft 
discharge passing to an elootrodo of oliarcoid 
would ultimo the ohamml to absorb at fttmo- 
iiplicrlc tomporatuvo as it will absorb without 
tlm disohargo at Uquid-air toinixiraturo (40). 

$ (fil),-—itilfc tlio most [iraetically import* 
ant prouoHH of ovaouation dependent on the 
iliuohiirgo is Llnvt which involves the Intrmluo- 
lion of phosphorus vapour into tho ovaouated 
vi'HHol. It ft) 11 mars to havo boon ilisoovorod 
first by Malignant (•! I) ; it was applied to the 
nvaouation of oluotrio inoaniloscont lamps and 
has boon imod for the sumo purpose eontinu- 
nmily hinoe its discovery. At first it appears 
to have been thought that the notion was 
olieiiiioal, but it is new known to he dependent 
on the passage of a diuehurgo through the 
mixture of gas and ooutaining phosphorus 


discharge pusses between tho opposite c<»« *'* 
of tlio (ilamont which net as elcetrodos ; £ *•_'’ 

cathode, being incandcscont, gives a therm b ** 11 ' J 
omission sufTieient to abolish tho cathmlo f 11 
of jiotential and permit a disohargo to 
evon when tho potential differoneo hot w 
tho electrodes does not exceed fifty volts. 

Tn Malignnm’s original method the p1n» : *' 
phorus vapour was introduced by henbiiUC 1 * 
small quantity of red phosphorus in tho 
oonnocting tho lump to the pump just bi<f« '’ 
scaling off. Tho lutor praetioo is to ilcvj»«»? + »*• 
tlio red phosphorus on tho filament or tdi«' 
adjacent supports, whence it is evaporate* * tt: * 
Boon as the filament is heated. Nowadays * 
is also usual to deposit on tho filament, togoM 11 
with phosphorus, salts such as lluoridoH * 
chlorides. Various benefits are attribute* 1 * * * 

tho prcsenco of those salts, but it seems I '* 1 
agreed that their action is subsidiary to « 
of tho phosphorus, and that tho ovaciia.1 ***** 
would not occur unless ]ihosp]ionis (or mie ‘d 
the other olomunts mentioned) woro prose* H* 

By this process of ]ihosphorus ovaouuA i< ►«* • 
tho'use of high-vacuum pumps in litu*!’ 
nmnufaotiiro is rendered unnecessary. K %'*’<* 
if tho pump loaves residual gas at a preMM*** *’ 
of 01 mm. in tlio lamp, almost all this gnn w *l * 
bo romovod in the first few seconds of “ 1>i*» 1 * 
ing," and tho prossuro reduced to less I bnH 
0-001 nun. No movoury-pumps are now 
in lamp-making; oil-pumps, usually of Clu ‘ ‘ 
Ad, uro sufficient. 

Tho same method lias boon applied to < t 
commercial vacuum apparatus, c.g. rectify ***** 
valves of tho old typo without an moninVm•*'>**•• 
outbade (43), and, moro rarely, to tho mmb'iii 
thormumio typo. *>-)•)* 

ItUFKllKNOKB 


Vl Tbe' oxaot conditions which determine tho 
dixupimumiiee of tho gn-s aro Htill obsouro, 
hut it may be Hinted generally that if a dis- 
ehfti'go is passed llirough any mixture <>f W»* 
or vapours containing phosphorus vapour blio 
pressure will be reduced moro rapidly and to a 
lower limit than it would is; if the phosphorus 
vapour were absent. Tho gas that has dis¬ 
appeared can bo restored by boating tlio walls 
of Uio vessel to ft tomprmturo at which red 
phosphorus will evaporate, Tho latest theory 
of tlu. notion (42) is that blio gas is deposited 
on the walls and oovered with a varnish 
.4 red phosphorus produced by the action 
«,f the discharge from the phosphorus vapour, 
which prevents the re-evolution of tho gas 
do long as the " varnish ” remains; it is 
also Hiipposeil Unit tho. oxeoptional oloctrionl 
Tir(»jinrtics of tho phosphoriiH vapour uro of 
importiHMse. ft i« known that sulphur, lodmo, 
and arfienio ant in somewhat tho samo way as 
phosiihorps in this matter. 

Jn an inoandoacont lamp tlio- noeossury 
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Am- pumps, Epi’ioienoy op. Scg “Air- 

imiHps,” § (r>). 

Amsoui-iwa— used as Pumps. Soo “ Air- 

pumps" § (30). 

A ill. Thermometer. Sec “ Thermodynamics,” 

§ (<t). 

Ant Vessel Method op Level Indication. 
Sco “ Motors, Liquid Level Indicators,” 
§ (10), Vol. III. 

Aui minium. Atomic Heat op, at Low 
Temper at uiiks : Nernat’s vivluoa for, 

tabulated. See “ Calorimetry, Electrical 
Methods of,” § (11), Tablo VI. 

Alundum. Tho trado name for a tubing com¬ 
posed of fused alumina (Al 2 0 u ) with a bind¬ 
ing of fireclay and used os a protecting sheath 
for a thermoelement at tomporaturcs up to 
1GG0" (J. 8eu “ Thermocouples,” § (4) (iii.). 

Amao at ; Investigations on the Expansion 
op Fluids undkii limit Pressures. Soo 
*’ Thermal Expansion,” § (18) (iii.). 

Ammonia, Latent Heat op Vaporisation 
op : computed, by various writers, for 
different temperatures, and tabulated, Soo 
“ Latent lieitt,” § (7), Tablo V. 

Ammonia - absorption Refrigerating 
Maoiiinks. See “ Refrigeration,” § (15). 


Ammonia Compression Hepumibratoh. Sen 
“ Refrigeration,” § (2). 

Andrews: Investigations on the Expansion 
op Fluids, in i*ahticdi,ak (Jarron Dioxide 
under IT kiii Pressures. See “ Them ml 
Expansion," § (18) (ii.). 

Aniein, Specifics Heat ok, determined by 
Prof. E. H. Clrillibha by tins electrical 
method. Seo “ I’alorimetry, KLcctrical 
Methods of,” § (5). 

Al'POi.n Brake. See “ Dynamometers,” § (2) 
(ii.). 

Ahohes. See “ Structures, Strengtli of,” §{27) 

Aruiiimbdean Screw. Seo “ 11 yd mu lies,” 


§ (33). 

Archimedes’ Phinoipmo. Tho resultant of 
the pressures acting on a body immersed 
in a fluid is equal to tho weight of fluid 
displaced and acta upwards through the 
contro of gravity of that fluid. 

Atomic IIeat, Variation op, with Tempera¬ 
ture. Seo " Calorimetry, tlio Quantum 
Theory,” § (43). 

Autographic IIecordino Apparatus : For 
use in .Strength Testa of Materials. See 
" Elastic Constants, Determination of." 
Buokton WivkHtend Patent Spring Balanced 
Recorder. § (01) (ii.). 

Dalby’s Optical Rocorder. § ((11) (v.). 
Qonoral Methods adopted for Design of. 
§ (69). 

Kunnedy-Aslmroft Bocorder. |j (01) (iv.) 
Moore's Recorder. § (HI) (iii.). 

Riohlo Autogmphie and Automatic Appimi- 
tUH. § (00). 

Automoiiilio Engine, The Vauxham.. Sen 
"Petrol Engine, Tlio Water-cooled," § (It) 
(ii.). 

Avooadro’s Law. At any one toinpcmlnro 
aiul prcssuio, equal volumes of dllTowuit 
gases contain tho same numhor of nioloeiiloM. 
White exact for “ porfocb " gases only, it 1 h 
approximately true of real gases. Sec 
“ TIiormodynamioH,” § (00). 
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Bailey Steam Meter. Soo " Motors for 
jMeusnroinont of Steam," § (20), Vol. III. 
Balancing. See “ Engines and Primo Movers, 
Balancing of.” 

Balancing of Driving Wheels of Locomotive. 

§ (2) (L). 

Balancing of Four-cylinder Engines: In¬ 
clusion of Vulvo-gear. § (10) (i.). 
Balnnoing of Frame Forces. § (2). 
Balancing of Internal Combustion Engines. 

§(13). 

[Balancing of Lnoomotivos. § (12). 
Balancing in Practical Caao. § (4). 


Balanoing for Primary anil Secondary Form's 
and Couples. § (1U). 

Balancing of Reciprocating Mas fins. § (IQ). 
Balancing of a Rotor. § (8). 

Balancing of Yarrow Hellhole Tweedy 
Engine. § (11). 

Centrifugal Couple. § (3). 

C'ouplo Closure. § (G). 

Dalby’s Method. § (73). 

Deductions from Force and Couple Polygons. 

§ (7). 

Force Closure. § (fi). 

Four Masses on Four Arms along a Shaft, 
§ (7) ( b ) and (c), 
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Motion of C<ninei:ting Rod. § (2) (iii.). 
Motion of Mr.hu in a Circle at Uniform 
Sliced. H2)(i.). 

Motion of Mass in n Straight Lino at Varying 
Speed—Bonne tt’s Construotion. § (2) (ii.). 
Primary Balancing. § (10) (i.). 

Saltor’s Method of treating this Problem. §(8). 
Secondary Balancing. § (10) (ii.). 

Special Construction for balancing of Four 
Massas. § (0). 


couplo closure 

Tho equation M= ( m w * ' ‘ § {")• 
force olosuro 

The equation M = —R,^a— • § (”)• 

'J.’lirco Cranks at 120° cannot bo designed so 
that Masses mutually balance. § (7) (a). 


Ball-hearings : Stefs in the Evolution 
ok tiiiq ModishN Ball - rearing. Seo 
“ Friction,” § (118). 

11a it nkh’ T’aiilr ok Shkoipio IIhats of Water 
at various Thaiuiquatuhms. See “ Moohan- 
ioal Equivalent of Heat,” § (7). 

Bartoli ani> .Sthacoiati’s Determination 
of Srisumo Heat of Water at various 
Tkmreiiaturhs. Sco “ Mcolmnieal Equiva¬ 
lent of Moat,” § (7). 

Barum, 1880, compared gas-lhormomotora 
with sueondary standards of tomporaturo 
in tlio range 000° to 1000° and reoogniBod 
tho importation of a uniform tomporaturo 
distribution about tho gas - thormbmotor 
bulb for purposes of high - tomporaturo 
measurement. Ho introduced the thermo- 
element in tho rfflo of infcormodiary hotwcon 
tho gas-thm'inomolor bulb and tho lompora- 
tui'o to bo measured. Soo “ Tomporatm'o, 
Realisation of Absoluto Scalo of,” § (39) 
(viii.). 

Beams, Bending of; Macaulay’s Method 

FOR SEVERAL LOADS. Soo “ Striioturcs, 
.Strength of," § (10). 

Beams : Relation ijktween Load, Shear, 
Bending Moment, Slope, and Deflec¬ 
tion. See “ Structures, Strength of,” § (12). 

Beau he JIoohas s Cycle. See “ Engines, 
Xliormodynatnios of Intomnl Combustion,” 
$§ (31) and (fil). 

Beau toy’s Experiments. Sco “ Ship Rosist- 

aiico and Propulsion," § (3), 

Beoquehel, 1803, ooniparod gas-thornuunotors 
with secondary standards of tomporaturo 
in tho range 000° to 1000°. Sco " Tompora- 
turo, Realisation of Absoluto Scale of,” 
& (39) <iv.). 

Bell - Coleman Refrioeratino Machine. 
UhocI for cold storos and tho holds of ships. 
Air is tho working substanco used. Soo 
“ Refrigeration,” § (4). 

Bend Tests ; 

Alternating Bond Tost beyond tho Yiold- 
Point. See " Elastic Constants, Dotor- 
miuntion of,” § (78). 


Description of tho various kinds of Bond 
Tests for-Metals. Soo ibid. § (2!)). 

Forms of Specimen and Methods of Testing. 
See ibid, § (31). 

Bending of. Members of a Structure. See 
“ Structures, Strength of,” § (11). 

Benzene, Latent Heat of Evaporation of, 
determined by Griffiths and Marshall. Soo 
“ Latent Heat,” § (10). 

Bernoulli’s Theorem. Along any stream 
lino in a liquid subjeot only to gravity 
p +j /pz + constant, 

p being tho pressure at a point at a depth 
z below tho plane of reference, /»tho density, 
and v tho velocity. 

Bjeuhum’s Calculations from Volumetric 
Heat Figures. Sco “ Gases, Specific Heat 
of, at High Temperatures,” § (fi). 

Black Body, invented by Wien and Lumrner 
for tho investigation of tho laws of radiation 
from a uniformly heated enclosure : descrip¬ 
tion of modern form of. Seo “ Radiation, 
Determination of tho Constants, etc.” I. § (2) 

(i.), Vol. IV. 

Blade-width Ratio for a Screw-propeller 
is tho fraction 

Maximum width of blado along its Burfano^ 
Radius of propeller 

Soo “ Ship Resistance and Propulsion," 

§ (dl). 

Blading in Steam-ti/rjjinks. Form and 
Efficiency of. Sco “Turbine, Dovolop- 
monb of tho Steam," § (3) j “ Steam- 
turbino, Physios of," § (0). 

Blowers, Theory of. Seo “Air-pumps,” 

§U). 

BOMB CALORIMETERS 

§ (1) Introduction. —Tlio laboratory motliod 
of determining tho calorific value of a fuel is 
to burn a known weight of a carefully dried 
sample in a vessel containing oxygon. From 
tho tomporaturo rise of tho water in tho calori¬ 
meter tho heating value of tho fuel is com¬ 
puted, taking into acoount cortain corrections 
which aro described later. Although tho 
calorific valuo docs not give all tho informa¬ 
tion desired concerning a particular fuol, or 
dotormino its suitability for a specified purpose, 
yot it is gonorally nccopted that tlio heating 
valuo is tho most important proporty to bo 
considered in estimating tho valuo of fuol. 
Purchasers of largo quantities of coal now 
adopt tho heat-unit basis of oval nation, and 
tho tcohniquo of combustion oalorimotry has 
boon so woll developed that a skilled operator 
oan avorago thirty-five determinations per day. 

Two typos of apparatus are employed for 
such tests. In one tho fuol Bamplo is burned 
under normal atmospheric pressure in a calori¬ 
meter of tho “ submerged bell ” typo, 1 whilst 

1 Soo “ Coal Calorimeter." 
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in tho other tho fuel is burned under high 
ps'c'ssiiro in a “bomb” type of calorimeter. 
Some authorities prefer tho “ boll ” typo to 
tlio “ bomb ” because in it tho combustion is 
carried out in oxygon at nearly atmospheric 
pressure and, consequently, tho conditions 
resemble those obtained in steam boiler 
practice. With a “ bomb ” calorimeter tho 
combustion is almost instantaneous and 
resembles an explosion in its violence and 
rapidity. 

The decomposition products of coal vary 
Bomowhafc, and it is gcnornlly found that tho 
results obtained with the bomb calorimeter 
arc slightly higher than those with tho “ bell.” 
For scientific work, however, tho bomb type 
is universally used, since under good work¬ 
ing conditions the combustion obtained is 
practically complete. In skilled hands either 
Jiiethod gives reliable and 
concordant results for solid 
f uols, but tho “ bomb ” is 
tho only method applicable 
to liquid fuels. 

§ (2) Description of a 
Bomb Calorimeter Out¬ 
fit. —The calorimetric out- 
lit consists of the following 
elements : 

(i.) Tho bomb. 

(ii.) Tho calorimotor 
vcssol, stirror, and 
constant tempera¬ 
ture jacket. 

<iii.) Tho temperature 
mensuring instrument. 

(i.) The Jin tub .—In ono 
of tho oldest forms of 
apparatus — tho Mahlor- 
Donliiu—tho bomb consists of a -mnssivo 
gun-metal cylinder provided with a cover held 
clown by three studs. Tho covor is pro¬ 
vided with a milled-head scrow valvo for 
regulating tho inlot of oxygen to the cavity 
inside tho bomb. The joint between the 
bomb proper and its cover is effected by 
moans of ft lead washer inserted in a ciroular 
groovo. The inside of tho covor lias a pro¬ 
jecting ring which registers with this groove 
when it is screwed down. Tho bomb is 
(dated inside with, gold in order to withstand 
tho corrosive notion of tho nitrio and sulphurio 
noids produced by tho combustion of the 
fuel. Tho most satisfactory form of lining 
is that of platinum, but nowadays it is not 
muoh used on tho score of expense. Porcelain 
enamel is also sometimes used for lining tho 
bomb. 

Tho K roe Ire i- 'typo of bomb has n covor 
screwed on ty/tho bomb (seo Fig. 1). Tho 
bomb is mado of stool and has a fixed platinum 
lining, while tho cover is of bronze. 



Parr 1 has recently designed a bomb of an 
acid - proof base - metal alloy which appears 
very promising. 

Somo investigators employ a replaceable 
lining, but in practice it is found difficult 
to maintain a 
perfect fit and, 
consequently, 
difficultiesariso 
owing to loak- 
ago of tho pro¬ 
ducts of com¬ 
bustion into 
the space be¬ 
hind the lining 
where it cor¬ 
rodes tho metal 
of tho body of 
the bomb. 

Tho staff 2 
of tho U.S. 

Bureau of 
Mines have de¬ 
veloped n form Pm, 2 . 

of bomb (seo 

Figs. 2 and 15) in which the lid is held in position 
by a novel form of sealing device. This con¬ 
sists of a tough steel receiving nut and lock 
so constructed that less than a onc-oighth turn 
with tho wrench suffices for sealing. A circular 
gnskot of electrician’s solder effects tho seal. 
This locking device is 
an adaptation of tho 
principle used in the 
breach locks of artillery. 

They claim for this de¬ 
sign durability, ample 
strength, and facility 
of manipulation. 

Further, whoa tho lock 
wears out a now ono 
onn bo substituted 
without tho exponso of 
making and gold-plating 
a now shell. Tho shell 
of the bomb is made of 
Monol.motal which is 
well adapted to gold 
plating. 

Fury has devised a 
bomb calorimeter in 
whioh tho heat devel¬ 
oped is shown on an indicator. See article 
on “Calorimetry, Method of Mixtures,” 
§ (13) (ii.), “Metallic Block Calorimoters." 

(ii.) The Calorimeter, Stirrer, and Constant 




' “ An Acid-resisting Alloy to replace Platinum 
11 the Construction of a Bomb Calorimeter,” Journ. 
dm. Chcm, Soc., Nov. 1015, xxxvll. 2515-2522. A 
;est of the above by R. H. Jesse, Jr„ Eighth Ini. Cong, 
Appl, Chem„ 1012, 1, 233,380. „ , , L _ 

3 "A Convenient Multiplo-unlt Calorimeter In¬ 
stallation,” by J. D. Pavia and E. L. Wallace, Ilnrnw 
oj Mines Technical Paper, 01, 48 pp., Washington, 
1018, Abstract in Engineering, Jan, 10,1010. 
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'{'I'.iiipcralitre, Jur.kni .—Tn t.ho outfits oin ployed 
in this country tho calorimeter, stirror, and 
Jnnkob lire similar to those employed in 
apparatus for ordinary enlorimetrio oxpori- 
menlH l>y tho Method of Iviixtnre.n (see 
§(-!}). 

Ab tlio 17.S. Bureau of Mines 1 a form 
of apparatus hue been developed which is 
especially iu Inptoil for combustion ealoriinofcry 
(Hen Fig. 4), 

Tho onloriinofor in made of heavy sheet 
brass reinforced at the top and middle by 



brass bands (sco A). A tubular stirror well 
3s soldmed to tlio calorimeter ns shown in B. 
An olontrodo iH fastwiocl to the bottom of tho 
callirimotor, blit insulated from it, which 
makes oonlaot with tlio bomb plug when this 
is planed in position. 

Tlio calorimeter is supported in its jaelcot 
mi Ihrao ivory studs. Tlio jaokot is a cylin¬ 
drical vessel provided with a cover of brass 
ground to n water-tight tit. This eovor is 
provided with a thin shoot-brass wider soul 
(sen Fig. 4} lived to tlio cover proper hy moans 
of three thin insulating rods of ivory in such 
a manner that when the calorimeter is in place 
and the cover brought down snugly tho water 
hq id is In ouutmit with tho surface of tho water 
iu tho calorimeter, thus serving ns mi elloetual 
1 Davla ami Wallace, lac. eft. 


seal against, evaporation into tho space bat nr'' 11 
tho ealorimetor and its jacket.. 

Soldered to the jacket are two heavy lu /> r ' ' 
lugs, by which it is held to the vortical lin* " ‘ 
T-bar of the frame in such a manner us |i> j/< ~ 

init tho jacket tn slide vertically. Thu jaah*'* 
is supported by a heavy helical brass 
hearing against the bottom of the tank, ni'*| 
of such strength that tlio jaokot when eliui'fi*' 1 * 
is held vertical with its top slightly above 11*"’ 
surfneo of the tank water against an udjii’** ’ 
able stop lixod to tho T-bar. 

Tlio stirror shaft arrangement is also almv* ■»* 
in Fig. 4. The upper part of tho shaft «’ * * 
which tlio driving whcol is mounted ennui: it ** 
of a thick-walled brnss tubo, into which tl**-' 
lower part of tho shaft tolosoopos, the bill*'*' 
being provided with a conical piece ((1) screw* • 1 * 
to tho end whioli engages u receiver at I**'"* 
lowor end of the shaft tubo after the maun*'*' 
of a conical friction olidoli when the wh***"'’ 
calorimeter is lowered into placo. Tho low *“* 
hearing of tho stirror shaft is carried by I • 1 •’ 
lid bracket (D), which is hold to tho veil [*•*»* 
T-bar of tlio frame by a clamp whioli permit ■" 
of raising and lowering tho lid and elimi|»iM*t 
in any desired position. 

The calorimeter cover 1ms tubular mil li* • ** 
(not shown in Fig. 4) for tlio thermoniol 
the stirror shaft, and electrical lends, no <1»»» T 
the jacket and its cover may ho (olnllv 
immersed in the tank water during an oxjir* * ,J 
mont. 

Tn the equipment of tho Bureau six 
outfits are mounted in one thermostat iml 4>' 
controlled constant tomporaturo hath, 

(iii.) The Tempp.tdlure Measuring /w.i/i *r- 
vicnt ,—With tlio majority of bomb caloi imoi * -1 
outfits mcreury thonnomoters are employ* *' 
for tho inensuromont of tho toinpemtiiro i i < =»•* 
of tho water. Such instruments havo 1I»■. ■* 
advantages of simplicity, ohoapnosH, jri»*I 
moderate accuracy. They have Mm ilia ■ 
advantages of considerable lag and lark Hu* 
sensibility required for work of the liigliti --1 
precision. Tho moroury thermometer, iumi.i- 
over, possesses tho serious drawback that I 1 1 >* 
moroury often sticks in tho boro, piulieulnt I*,' 
with a falling numisoua, This trouble <?>*** 
be somewhat alleviated by tapping tho 
and Homo observers utilise a miniatimi elect» l 
buzzer for this purposo. 

TJie thermometor should proforahly In* ^ 
solid stem typo with itssealo divided 4 •> ■Oil* 1 1 . 
and tho sealo divisions should extend ilnwii 
to the hull) to avoid uncertainty as to l |u- 
niagnitiido of tlio omorgont column. 

For work of tho highest precision a cab * * * * 
motrio resistanco lliormomoter is ion|£y 
essential, and a description of anil-abb* in., 
strumeiits for the ])uipoao wilf lio found i** 
tho article on “Resistanco ThonV.iometo'* 

§ (0 (i-»* j 
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§ (•!) Methods of coNDtroriNU a Test. 
(i.) (kdibration of the Apparatus. —lb is neces- 
Hiiry to determine tho heat capacity of tho 
and i|.s fittings by experiment, since it 
is rarely possible to calculate this constant 
from the specific heat of tho materials em¬ 
ployed in its construction. There nro two 
standard methods of elTcoting this calibration : 

(a) By nn electrical method bused on tho 
input into the calorimotrio system of a known 
amount of heat measured as electrical energy. 

(b) By burning substances of known heating 
valuo. 

(«) Tho olcctrieal method is capable of 
considerable accuracy, siuco electrical onergy 
can ho measured with high precision. In 
practice, hmvover, tho niothod sufTors undor 
tho disadvantage that it involves elaborate 
equipment and is timo-oonsuming. Further, 
it is by 11 (> means easy to roproduco with it the 
same conditions ns prevail during a combus¬ 
tion test. Tho electriual motliod is generally 
adopted in standardising laboratories, but 
for the purpose of a works laboratory tho 
second method is to bo proforred. 

(/>) To calibrate a calorimeter by menus of 
standard substances, such us nuphthalono or 
benzoic acid, it is advisable to make about 
lialf-a-dozon onmbiiBtkms, sullioicnt amounts 
of tho standard being used to produce about 
tho avorago tomporaturn rise obtained in tests 
with coal. Tli is method, besides being siniplo 
and ensy of application, tends to minim iso 
errors such ns tlioso duo to thermometer 
calibration, cooling correction, heat Input 
from stirring, otc. 'Dickinson 1 has recently 
redotorminod tho heat combustions of tho 
following huI nstances : naphthalene, benzoio 
neiil, and auoroso or cano sugar, with a 
view to thoir adoption as standards in 
oalihration work. His results are summarised 
in Tahlo I. togothor with those of previous 
observers. 

It appears from a comparison of tho values 
given by different observers for tho same sub- 
Ktttuoo that bonzoio acid is tho most suitable 
in view of tiro oloso agreement of tho results 
obtained. 

Dickinson found naphtholono to lio a oonvoniont 
material to work with, but onro was necessary in 
handling since a gram briquette would I 030 about 
1 milligram in weight per hour by sublimation. 
■Sucrose did not scorn so wotl adapted us bonzoio 
uoid for standardisation purposes. It 1ms a 
smaller heat of combustion and frequently fails to 
ignite. 

Dickinson suggoals that the higher results given 
by other observers for sucrose may bo duo to tho fact 
that tlioy may not have corrected for tho heat 
generated in the firing wire before the sample ignites. 
With sucrose a greater length of fu.so wire has to lie 

1 " Comb nation Calorimetry," Hull, lhir. Skis., 19in, 
xl. 203. 


used than with other materials on account of jIb 
lower inflammability. 

Iron who is frequently employed because it burns 
instead of only melting, nnd is therefore mom certain 
to ignito (he sample. Tho heat of formation of 
iron oxido is about 1C00 oulories per gram of iron. 
The sucrose specimens required about 3 cm. of wire 
weighing J32 mg. per metre, lienee tho correction 
for the heat liberated in its combustion amounted 
to about 2 calories per centimetre. Naphthalene 
ignited readily with 1 om. of wire, 

Ha also corrected for tho small amount of nitrio 
noid formed from tho nitrogen contained in tho oxygen. 
Tho amount is nearly proportional to tho bent 
liberated in tho combustion and to the pereentuge 
of nitrogen present, and was determined by t i tral ion 
nftor cnoh combustion. Tho beat of formation of 
IIN0 3 from N-i-OH-H.O iR about 230 calorics per 
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0033 
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Leroux .... 

0031 

.. 

.. 

1010 

Dickinson . . . 

0012 

0323 

31)40 

i 1010 
\ 1012 


Tho data In tho nbovo tablo nro expressed In forma 
of tho ID” calorie. 


gram of noid. As tho oxygen employed onnlninod 
from 0-3 to 0-5 per cent of nitrogen, the oom'olkm 
to lio applied for tho bent of formation of ]INO a wns 
usually about 1 part in JOOO. 

§ (4) PRKPAUATION OF THK TlJST SAM 
(i.) Solid Fuels ,—It is necessary to convert 
tho coat into a small briquette or tabloid for 
tho purposes of test. If tho attempt ifl made 
to employ tho sample in powder form tho foreo 
of tho explosion usually blown sonio of it 
against tho internal walls of tho bomb anil it 
escapes combustion. 

Bituminous fuels as a rule will form briquettes 
by press tiro alone. In cases whoro insufficient 
tarry matter is present in the natural fuel, 
just sufficient of a 1 por cont solution of gum 
arabio may be used to make tho particles of 
fuol adhesive. For half a gram of fuel, threo 
drops of such solution are enough. The 

1 The Times Jingineerhig Suvplemeut. Feb, 23. 1917. 
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briquettes must bo heated in an air bath to 
110° C. for at least four hours to expel the 
Inst traces of moisture thus introduced before 
testing in the calorimeter, 

(ii.) Liquid Fuels .—In weighing and trans¬ 
ferring the liquid fuel to the bomb, carriers 
consisting of small cylindrical blocks of pure 
celUiloso arc used, one of tlieso blocks being 
ablo to absorb several times its own weight 
of any ordinary fuel oil. The saturated block, 
nfter being woighoil, is burned under the 
conditions and with all tho precautions neces¬ 
sary for solid feel, tho only diiforonco being 
that a rather highor pressure is used, in order 
to obtain a greater supply of oxygen gas ill 
tlio bomb. A blank tost with tho colluloso 
alone gives the necessary data for tho calcula¬ 
tions. As liquid fuels contain only trnecH of 
acid-forming cloments no troublo arises from 
corrosion, and a bomb provided with a gold 
lining will last for soino hundreds of tests. 

As regards tho special precautions necessary 
to obtain correct results when testing liquid 
fuels, it must bo pointed out that tho absorbont 
colluloso blocks sold for this purpoao absorb 
moisture as woll ns oil, and that it is necessary 
to dry thorn before use for ono or two hours 
In tho air-bath at 100° 0. When saturated 
with heavy oils of high boiling-point they are 
also Bomowhat difliculL to ignite, and it is 
advisable to place a littlo of tho dry un- 
satlirated colliilosp in a loose condition around 
tho platinum ignition wire in order to avoid 
failure of tho test from this onuso. As tho 
colluloso blooks arc largo in proportion to their 
weight and absorbent capacity, a largor 
platinum dish will bo required than for tho 
tests with solid fuel, and tho platinum ignition 
wire should bo arranged to hold down tho 
colluloso block lest tho oxplosivo violence of 
the combustion blows it out of tho dish. 

§ (5) Quantity oir Oxygen required.— 
Tho quantity of oxygon required is about 
three times that which will unite with tho 
ohnrgo to givo complete combustion. Diokiti- 
son found that, when tho amount of oxygon 
was much less than two and a half times that 
required to unite with tho comkustiblo charge, 
thoro wero often cases of incomplete combustion 
ns indicated by a reduction in tho total heat 
liberated, ns well as by tho occasional presonco 
of a slight amount of soot and by tho odour 
of tho products of combustion. 

Since tho usual pressure omployed in routino 
tests is 20 to 27 atmospheres, or 300 lb. to 
400 lb,, it is advisable to havo a small back¬ 
pressure vnlvo inserted in tho milled - head 
eorew in tho bomb cover in order to avoid 
a groat loss of gas whon disconnecting tho 
oxygon supply pipe and gnugo from tho bomb, 
after filling tho latter with oxygon. At those 
high pressures tho combustion of tho coal 
is practically : instantaneous, and tho thin 


platinum wire used for ignition purprnwK 
generally be found fused owing to tho to nip 
tore momentarily attained. In order to 
tout tho platinum capsule or cruciblo from 
aamo effect, and from tho action of tho nui 
slag produced, it is necessary to lino it 1 
thin asbestos board, cub and shaped to fit 
cruciblo or capsulo. This asbestos board > 
bo dried ami ignited before use in or'do>: 
romovo all matter that might vitinto 
results. 

§ (G) Calorimetry by Combustion v 
Sodium Peroxide. — Fusion with sod 
poroxido is tho only way known for fill 1 
tho beat of oxidation of olomonts whiol 
not. burn in oxygon and which form os 
insoluble in aoids. Tho method is nrin-] 
to tho determination of tho boat for inn 
of tho oxides of a motal and also tho 
combination of motallio oxides with nod 
oxide. 

Tho mothod is indirect and the heat o 
sought is not tho observed effort; lv 
burning in Compressed oxygon is prof or 
wlioro possible. For example, wlum oiu 
is burnod with sodium poroxido tho olmm 
lioat (x) is tho result of tho following roaofc 

2Na 3 O a + C = Na a C0 3 + Nn a O, 
and x equals tho heat of formation of on) 
dioxide plus tho heat of combination of uni 
dioxide with sodium oxido, and loss tho 
required to separate two atoms of ox; 
from two molecules of sodium poroxido j t 

«=C+ 20 + (NOgO H- 00 a ) - (2Nft a O -I- 20 
so that 

C -I- 20=* - (Na a O + CO a ) -i- (2Na 9 0 4-20 
Moreover, many substances do not givo ' 
sodium poroxido suflioiont heat to fn«o 
mixture, and lionoo some readily comlniH 
Biibstivnoo, siieli as sulphur or carbon, i 
bo added which gives in many cuhcs tho In 
part of tho totnl boat elteot, Professor Mis 
of Yalo University, who has made an oxtoi 
study of this mothod, gives tho following m 
obtained by fusion with sodium poroxhh 
comparison with tlioso by combimtior 
oxygon. Tlioy aro : 


ncooUwii. 

ill 

IP 

O" 


0+20=OOa . 

M-4 

04-7 

Amer, Journ. Soi 
xxlx. 180 ; aim 
484 

TI+20=TI0 a . 

216-0 

218-1 

Ibid, xxvil. B-18 

3Fo-)-10=Fo;iO,| 

207-0 

200-2 

Jbid. xxxvl. D‘> 


Botli values for C+20 are for acot; 
carbon. Ono reason for tho higher y 
* American Journal of Science, 1017, xllil. 2.' 
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found in the sodium peroxides method is tlmt 
the carbon and peroxide wore mixed in a 
mortar, thus allowing the peroxido to absorb 
a little moisturo which added to the heat of 
the fusion. Tho value 2(17-5 for 3Fo + 40 is 
derived from the results of fusions of iron, 
ferrous oxide, ferric oxide, mid tho minoral 
magnetite with sodium peroxido, and 2(55-2 
was tho result of burning iron in oxj'gen. 

Sodium peroxide absorbs water rapidly from 
tho air, consequently it should bo exposed 
ns little as possible, as the hydrated poroxido 
will give moro heat with a combustible than 
tho anhydrous. Ono of two samples, that 
whioh gives off tho less oxygen when fused, is 
the bettor one. Tho error from tho water 
content is small in good poroxido. Its effect is 
flirthor diminished when carbon, for example, 
is added to make a mixture fuse, booauso in 
practice tho boat effect of tho carbon is 
found for tho carbon and peroxide actually 
usod. 

Various substances may bo added to a por- 
oxide mixture to increase the temperature of 
tho fusion. Mix ter has used acotylono carbon, 
sulphur, and lamp-black. Pure rhombohcdral 
sulphur in lino powder would appear to be tho 
best of tho three, but it becomes olcctrifiod 
when shaken in tho bomb with tho other 
ingredients and sometimes stioks to tho bomb 
and is not completely oxidised. Sulphido 
is formed, and occasionally free sulphur is 
left. When tho bomb is much blaokened by a 
fusion with sulphur tho heat result is low. 
Acotylono carbon is tho ideal substance to use, 
but difficult to obtain. 

Ono part of tho carbon requires 13 parts of 
pure sodium poroxido for combustion, and it 
is best to take about 20 parts in determining 
tho heat effect of the oarbou or Inmp-blaok. 
For tho combustion of sulphur double tho 
calculated amount of poroxido should ho usod. 
Oxygon is often evolved in a combustion from 
tho notion of an acidic oxide on tho sodium 
peroxide, and tho bent required to sot it free 
from tho poroxido is added to tho observed 
heat. This correction, 1-73 g.-cal. for 1 c.o. 
of oxygon at 0° and 7(10 mm,, is derived from 
Bekotoff’s Na 2 + 0 = 100-20 Cal. and do For- 
crand’B Nu 2 -t-20 =110-8 Cal. 

Apparatus employed for the Tests. — Tho 
bomb is made of storling silver whilst tiio top 
and fittings are of brass. 

Tho mixture under lest is contained in a 
cup of fino silver supported in tho bomb by 
its upper edge. A fusion in tho oup cools 
moro slowly than when in contact with tho 
cold bomb, and hcnco tho reaction is moro 
complete. 

Tho genoral arrangement of the apparatus 
is identical with that employed in fuel calori¬ 
metry with the addition of bulbs for collecting 
any oxygen sot freo by fusion. E Q. 
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Bourdon Gaud us, Gaud ration, Adjustment, 
and Correction for Temperature of. 
Scg “ Pressure, Moasuromont of,” § (11). 
Boyle’s Law on tho variation of pressure with 
volume for a constant mass of gas states that 
j»v=conBtant (at constant tomporaturo). 
Soo “Thermal Expansion,” § (14) (ii.)j 
“ Thermodynamics,” ' §§ (6), (59), ' (00) ; 
“Engines, 'Thornioclj'namios of Internal 
Combustion,” § (13). 

1 The above references huvo been selected from a 
moro extensive Hat quoted by Dickinson, 
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BltAlil'i llUIC'KMS KllUSTIONAI. ItHSIflTAXUK OF 

Hii aKV'. Mmwkh. Sot* “ I'Yie.Unn,” § 
KitAYntN Tvru i»k Intiiunai. Comiumvcon 
Knijini:. Sen “Engines, Thermodynamics 
of Iulemul Ciunlmiiliim,” §§ and (52). 
JIkiuht - wiiKKii. Hen “ Hydraulics,” 111. 
8 (17)0.). 

Iluiiini:, SiiuipaiTir •*!>■: ExamcM'! of Estima¬ 
tion ok. See “ iSlmubumi, Htrongth of,” 

§ m- 


Bnmsir Tiikrmai. Unit (B.T.U.). Tho qua' 1 '' 
tifcy of lioat required to mine the tnmporal.iU'** 
of 1 lb. of water 1° Ruhr. Hoe “ I leal, (\.n - 
dilution of,” § (2); ” Thermodynamics,” § (”)■_ 
ll.'JML. Stham Mktbk. Set' “ Mol era f" 5 ' 
Moamircmoiit of Steam,” § (IN), Vol. III. 
RirmiNii, Dhu-tinu, Enanoinii, and Ki.atti'.n ' 
INU Tkhts iron Cori'Kit ani> Bua.hh Tiring- 
See “ Elastic Constants, Determination of,' 

§ (:»»)• 


c 


(Jammioiu, SmuKio flu at ok, at vahkws 
T |.;j| i.Tiii A’l'if ii kh i tabulated, with tho atom in 
lii'id. Hen “ (’ulnriinetry, Eloolrieal Methods 
ol',” 8 (10). TaMo V. 

Cam iniATiiiN Coimra tionm nkukmnaiiy in tub 
lIllAIH'.VTJDN I IK Till: I til'll.) ,A 11V Tllttlt OK 
A TIIKIIMOMKT.BII. Sen “ Thermometry,” 
8 (:()(«)■ 

Oam-bnoau, maker in IBN7 of a plaliniuu 
ivniiil him'd Miormnuwler, tho iTHiHtumo of 
a pnrt-imilur npoeimeii of platinum wire 
living tlireeily determined at- vht’iimih tom- 
jiomturoM ii(i to iHRl'M!. Hoe “ Rosistuneo 
Tlim'inoinotwtiij” § (”)• 

<’ai.IiI'iIsiiAIi'm Equation, applied to the 
expansion of «l<*am j niul Tables. 



where it- e i) T| 1 ,, /T". Kuo “ Thermal Ex pan- 
ni,m,” §(21)} ” Tliornnidyiiainltis,” § ((11); 

“ Strain-engine, Theory of,” § (»). 
Oai.i.hnuaii and U.minkh’ Mktimh> of mktku- 

Ml NI NO MkOMANHI.U. KiROVAI-liKT OK It BAT. 

See ” Meelitnih-al Equivalent of float," 

8 (f») (iii.). 

('aiiI.dndak and Niooi,hon. Taper on ox- 
t'lmnj'cH C.f heal, between hUuwii anrl oylindor 
wall <-)//«. /'/(»■. fn.il. O.ti., IHI>7, exxxi.). 
Sen " Sleam-eiigine, Timmy of,” §(10). 
Oau.unoaii and Swann. Dolerm illation, by 
Min coiitinumm llmv imdlind, of the h|»»miIHo 
jimilH of air mid carbon dioxide at atmo- 
apherio pmmuvo at 2(1".U. ami 100*’0. Soo 
"Calorimetry, Eleetrienl Methods of,” § (13). 

("ai.dhid Tiiwoiiy, Rhau'duu'h Attaok on. 

See " Moolmnleal Eipdvalenb of Heat,” § (1). 
(Iamihikio Vamibm ok KuiUjH. See “ Engines, 
TIioruiodyimiuhiH of Internal Combustion,” 
§ (US), Tables if., III., IV., and V. 
Cai.iiiii.mktbk i 

An ii|i|MU-atim for the measurement of Meat. 
Uneil iii experiments hy the inothod of 
mix I urea, in which the substances under 
inve.il igalhm urn mixi'il. Heo 11 Calori¬ 
metry, .Methud of Mixtures,” § (f») (i-). 
Riiiihou'h In* s an instrument in which the 
heat given Old. hy a hnily in eonling from 
Homo higher t(*m|»omtino t«i 0° C. ia oh- 


tiiinod hy observing tho oontmotion wIik’* 1 
taluv.s plnooin thoohango from ioo to wei (“■* 
produRod hy tho heat given hy tho ImwI.V- 
'l.'hn ohsoi'Vfld volumo clmngo in eonveHo '* 
into calorics by assuming a value for tin * 
mass of mercury drawn iulo tho imitr'i 
incut hy tho addition of ono niean nulori*' 
of heat. Son ” Calonmotrie Method'* 
bused on tho Change of State,” $ (2). 
HuiiKon’s Ico,Modi(ioafcionsof. >- 

(Joal. Sou “Coni Calorimeter.” 

Constant of Bunsen's lee: tho iiimni «*» 
movoury drawn into tho instrument hy (•***' 
luhlition of ono mean calorie of lu'id< : 
values summarised and tahiilulnd. 

“ Oahirimotrio Methods hmied on «!**> 
Change of State,” § (‘2), Tahlo I, 

Dowar’s Liquid Air and Hydrogen! ^ •*- 
oaloriinotor based on an analogous prin ¬ 
ciple to tho steam oalorimelcr in whi»'l* 
ono of tho liquefied gases 1 h nmpluyi-il (*■ * 
calorimetric substaneo. Heo ihiil, § (<l). 
DilToroiiLial Steam, for the determinate»«« 
of Hpuoifio lioatH of gases at coiisIjh»* 
volumo. See ibid. § (fi). 

Can. Hoo “ Gas Calorlmotor.” 

Jnly’fi Steam: an instrument in which tii** 
lioat necessary to raise the (empeml.nt«» 
of a hotly from tho air (om|MWolimt 
IOO” is measured hy determining (•!»<■ 
weight of steam which must he eondi-iire ,«* 1 
into water at 100° to supply this lnw».t .. 
Hoo “ Calorimotrio Methods based on 11»»* 
Clmngo of State," § (<!■). _ 

Lirpiiil Ilydrogon. Heo ibid. S (*)• 

Liipiul Oxygon. Sen ibid. § (7). 

Metallic Blook Types of, Heo " Culminud v.y, 
ATnthfirl nf Mixtures." S fill). 


CALORIMETRY 


C/ATiOimmbtry is concerned with tho mciuui% *- 
niont of energy in tho form of heat. 11 
eonstitutea ono of tho most dillhmlt hriimdi*'** 
of exact monBuromonts owing to the fact lbn» 


a perfoct noil-conductor of heat does not ovi 
Tho common method of measuring quaul i t i* « 
of heat is hy utilising the difforont I'lTeelm ., 
heat on materials such as tho cluing*, »» 


m , 
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tomporaturo or (ho change of state, but in 
recent years another method has come into 
extensive uso, known as tlio Electrical Method. 
In this a definite and easily mcasurablo amount 
of clcctrioal energy is converted into heat, and 
tho resulting ohango of tomporaturo or state 
observed. Tlio clectrioal method has many ad¬ 
vantages whan mousuromonts of the highest pre¬ 
cision huvo to bo mado on account of the facility 
with which tlio heat supply can be controlled. 

In the brief review given in tlio follow¬ 
ing pages tho appliances employed in beat 
measurements will bo described, and then the 
theories which have been advanced to corrolato 
the thermal data with other physical constants. 

CALORIMETRY, ELECTRICAL 
METHODS OP 

§ (I) General. Tlio elcotrical method of 
cnlorimotry was first employed by Joulo with 
a viow to the determination of tho mechanical 
equivalent of heat (J). Subsequent work by 
Professors E. H. Griffiths, Schuster, Gannon, 
Callondar, mid Barnes showed that the method 
was ono capable of tho highest preoision for tho 
determination of >J. Tho articlo on tho deter¬ 
mination of tho mechanical equivalent 1 of 
heat should bo consulted for details of tho 
method ns applied to tho determination of 
heat capacity of water and its variation with 
tomporaturo. 

In passing it might ho mentioned that tho calibra¬ 
tion of bomb calorimeters is frequently carried out 
by oleotrloul methods in which an equivalent amount 
of heat to that obtained in combustion is generated 
in the bomb and its amount measured by observations 
of tho watts dissipated, tlio procedure being identical 
with that followed in methods for determining J. 

In speoifio licat determinations tho great 
convenience possessed by tho electrical method 
lies in the fnot that it permits of the deter¬ 
mination of truo specifio heats, i.e. tlio speoifio 
heat over a very narrow range of tomporatnre, 
and consequently it has been of immense 
sorvieo in determinations of tlio variation of 
atomio heats with temperature. 

• § (2) SvEOma Heat of Liquids ny Elec¬ 
trical. Methods. —It is obvious that any of 
tho appliances which liuvo beon devised for 
the evaluation of .T are also applicable for tho 
determination of tlio specific heat of liquids, 
and further that they would givo data of the 
highest order of accuracy. There are, how¬ 
ever, certain difficulties in practice. 

Both Callondar and Griffiths applied their 
olectrical methods for this purpose: the former 
determined the specific licat of mercury and the 
latter that of anilino. 

§ (3) Specific Heat of Mercury.—T he 
apparatus employed by Callendar, 3 Barnes, and 

. 1 See “ Ilcnt, Jlcislmnlen! Equivalent of.” 

2 Phil. Trans, A, 1902 ; Phys. llcv., 1002, xv. 

VOL. I 


Cooke for tho determination of the specific 
heat of mercury is shown diagramniatieally in 
Fig. 1. The calorimeter differs from that 
employed for the determination of J in that 
tlio flowing mercury is the conductor in which 
heat is generated electrically and not a fine 
platinum wire stretched along tho axis of the 
tube as in the case of tlio J apparatus. A 
steady stream of mercury flows through tho 
fine capillary tubo and is heated by a carefully 
controlled clcctrio current. The difference of 
tomperaturo between the inflow and outflow 
is observed by means of a differential pair of 
platinum thermometers. The inflow and out¬ 
flow tubes AB and CD aro exactly similar, 
about 2 cm. internal diameter and 25 cm. 
long. They are connected by tho fine flow 
tubo BO of 1 mm. in boro and 1 metro in 
length, coiled up in the form of a short spiral 
2-5 cm. in diamotor. Tho inflow and out¬ 
flow tubes aro provided with two side tubes, 
ono pair for conveying tho current, and tho 
other pair for the mercury flow. 

A practical advantage possessed by tlio continuous 
flow method is (ho fact that tho heat loss from tho 
walls can be determined by making experiments 



Flo. 1. 

with different rates of flow, but keeping I ho riso of 
temperature constant. 

(i.) Methods oj determining the True Mean 
Temperature of Outflow .—By far tlio most 
important pmotical detail in this method is 
tho dovico adopted for obtaining tho truo 
mean tomporatnre of tlio outflowing liquid. 
If a thormomotor wore merely inserted in tho 
outflow tube, leaving a .free Bpaoo all round 
for the circulation of tho liquid, it is ovident 
that tho heated liquid would tend to flow in 
a stream along the top of tho outflow tubo, 
and that tho thermometer might indicato a 
tomporatnre whioh had little or no relation to 
tho mean temperature of tho stream. It is 
easy to make an error of 20 per conb in this 
manner. A fairly uniform distribution of tho 
flow might be secured by making tho space 
between tho thormoiuctcr and tho outflow 
tubo vory narrow. But this leads to another 
difficulty in tho caso of inoroury. As tho 
space is narrowed tho oleotrioal resistance is 
increased, and an appreciable quantity of heat, 
which cannot, bo aoouratoly estimated, is gener¬ 
ated in tlio vicinity of tlio thermomolors. 

Tho difficulty was ovorcomo in the moroury 
experiments by fitting the inflow and outflow 
tubes with soft iron cylinders, 0 cm. long, 
turned to fit tho tubes and bored to fit tho 
tliormomotors. The soft iron had a eonduo- 

D ' 
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tivit-y about ton times that of inerouiy fur 
liiilli heal mid electricity. Tlm heat generated 
1),V the onmmt tn llio immediate vicinity of 
Uio MieriiinineltU' lulll>:< was so small Hint 
Mm watts might fairly ho calculated from llio 
iliffcroucn of potential Imf.woon llio iron blocks 
at tlm middle points of the Imlbs. Tint 
mercury stream was fomnl to oiroulnto in a 
spiral itnrow thread of nailable dimensions cut 
in Mm initer Hurfneo of Mm hhmks, which 
prevented the formation of HlraumdiuoH along 
oim aide of Mm luho, and scoured uniformity 
of turnpernturn throughout Uin emss-HCotion of 
llm eulilow l.ulii>. Tim hit'll conductivity of 
tho iron also uhmIhUuI in Htwuring the same 
result, 

A precisely uniilogoua device for averaging Mil* 
mildew tomiiciiil.mii was applied in elm wider 
ciilorimeter. The Imlb of llm Ihmaomcler was 
illicit wll-li a imp|ter alcove of high eondmilivity, on 
the onlaidc of which a ruliltor s|iiral was irwiilil to 
lit Mm oil tile iw lulu* ns nloiely an possible. Tim 
imciii'imy of III. was found to ho inimli more Important 
In (lie cimo of water than In llm cane of mcronry. 
The reason of Kiln in Until tlm tlicraml conductivity 
of wilier being 10 or in limes less limn Hint of mercury 
llm (WHiumlo averaging of tlm onlllaw linn pern line 
hi more dependent on Urn uniformity of Mm spiral 
olreulittiun mid tlm complete diminution of asym¬ 
metric nlrenmdlmvi. 

In tiidiH' lo obtain a |icrfout fit fov the 
tiliww’M with tlioir spiral screws it was nuccHHiiry 
that tlio boro of Hm ouMlmv hiho should bo ns 
nonrly uniforin ns possible mid acini l ately 
straight. It was insist essential Mial Micro 
ulumid bn no ooimtrlofiini at llio points of 
junction E and F with llm vacuum-junket, 
and that Mm ox ton ml porMonH of Mm tubes 
A E, It’D sin mid not Im of smaller boro lima 
tlio portlonii insido Urn viiomim-jimkot, though 
It would not 111111101' much if they were a littlo 
lur^or. 

(ii.) Onm'vAhn for I'w iiition of the. Tem/iaa- 
litreJiritiiicHt in (hr. Floot'Vuhe. Thoolcmoutary 
tlmory of tlm oliiniiiaifon of llm beat loss in 
llm slemly-llow method of calorimetry nssitini’H 
Mint, if tlio eliaitrio oumuit and tlio How of 
liipiid 1 m HimuUiuu'ouMly varied in such a 
munnei' tin to keep llm riso of lompornLuro the 
sniuc, llm lmat Iohh by radiation, etc., will 
remain imnsliml. Tho experimental results of 
Cn llond nr and Bar nett allow Mint this condition 
is very closely Hiitlsllcil in Mu* method, and they 
cidouhtUnl nil the muills of the Investigation 
on thin assumption. It wan noticed, liowovor, 
Mint them worn small sysMunallo divorgonccs 
[11 Mm exjiori mental verilioiUion for the small 
llown which, 11 k nit'll «mounting only Lo a few 
p/u hi In 10 , 000 , received careful examination 
mi pons I bin iridionl ions of oonslimfc emus. 

Ho loan na Mm distribute.. tom pom lure 

throughout tlm i»ppnratun is mmiirately Mm 
same tor Mm name rino of temperature, what- 
eVL'i llio How, tlio heat loss must ulsu bo 


identical. But if there is any syulfit* 1 ** 
cluingo in the temperature distribution " 1 
change of How, then there must be a '* * ' f 

sponding systematic dilTorenco in Mm ^ 

loss, which will lend To constant orrorn in 1 
cnlimlntion if no acceiint is taheu of it - 
possible source of emir of this type is h*! 1 '* 
lmat by conduction along the outllmv * ll '" j 
When the flow is large, tlm heated lit| 1,1 " 
passing along the tube will keep it iicnrl.V ‘ 1 { 
a uniform loin pern lure, so Mint tlm gin<f ■ ‘ * 

in tlm outllow tuho will be small mid * ' ‘ > 
conduction loss correspondingly mimiti*. •' '* 
the How is diininislmcl, supposing tlm lem I *■ ’ r ‘ ‘ ' 
turn of tho outllmv to remain tlm same* * V 1 ' 
gradient in tlm oulllow-lulm must imevn ' * 11 

proportion to Mm rei!i]»romd of the How, tdi»* •' 
tlm mdiuthui loss remains nearly tin* nn" 1 "' 
The conduction loss will vary directly i*M , 
nni d ion I,. or invoinnlv ns the How, for n iti* *’ 1 


rise of tompornlure. 

A small error of this kind, duo to cumin id *"■»*• 
was doleotcd at an early stage in Mm nu-i'*' ■ »* >' 
calorimeter, owing to the largo mass of nn*» *'»' * > 
in Mm llow tubo, tho small rate of tho Ihm’> an ’* 
tin* relatively high thermal o«inductivity **F 1 
liipiid. It was pmcUcnlly eliminated by 
the greater part of Mu* outflow tube from * 
end ef tho vacuum-jacket with pnmllln « “ '*■* 
leaving only a small passage for Mm on I il**"* 
of moviniiy. This made tho iiimdiml imi l*> « 

very small, and nearly independent of * **** 
llow, 

§(•1) Vaiiiation oil' tub Hmui'iu lh:.v’»* «»»’ 
MHitinmy with Thmckuatuuk. —Tlm value «-t 
tho spoolllo lieat of mercury in torins of vv*i « *• * 
was onlculatcd from tho experimental 
taking tho value of .f ixpial to •IdKHl f*<*' 
thermal unit at 1/W>", whiob was tlio lion | <• 
lure reeoiuinemled by Mrifliths at llm 
Congress in U)(M), 

'l'lm oxporimeiilnl results load lo tin* 
prrssii in 


HjH„ — 1 '07*1-x 10- # t•OlHJHfix lM ‘ ft i ; *. 

~ -•(MK)U2IM- •ODODOIird 1 ', 

»H 0 


where 


This gives for Llm tompemturo oi»olHnii**i t 
any tomisimtnre t tho expression 

t!i (SO ” ~ ,0()0321 *W)00023»/, 

and for tho avorago elumgo per dogreo <*, I. *'i« * • 
the value - ■OIKKWHO. 

Tho data obtained in tlio experiment ?* 
muninarifiwl in Table L, p. HR. 

§ (R) Sl’KOIFJO IIkAT Ob' ANir.INF, l’r* * f * * S' 

K. IT. OrifHths 1 dotorminod tho Hpecifb? t»«-.*«♦* 
ef anilino ovov tho range 1R° to R0° ( '. by nic.3 1 
of mi apparatus similar in its cssontial fm*t n * 

1 Vkil. Mao., .Tan, 1805; Proo, (1lamb. 

J8DG, vlll. part 1. ' 
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Taju.k I 

Sl’KCIt'IO If BAT OP MbUL'URY at Dippkkbkt 
Temper atuuks 


Mean 

T c mil e rat lire. 

■Specific 

Heat, 

Mean 

Temperature. 

Specific 

Heat. 

2-85 

•033435 

32-41 

•033141 

2'03 

•033440 

30*60 

•033121 

4-42 

•033406 

45-00 

■033050 

18'37 

•03321)1 

53-30 

•032007 

24-62 

•033224 

05-22 

•032020 

31-08 

•033160 

83-89 

■032818 

32-14 

•033161 




to that shown in Figs. 5 anti 0 of the article 
“ Heat, Mechanical Equivalent of.” 

For experimental work in eulorimolry nnllino has 
various points in its favour. It has a low vapour 
pressure at ordinary temperatures, is a good electrical 
insulator, and lias a low heat capnoity. 

On exposure to light it becomes discoloured, but 
no information is available to show whether this 
alTccls the thermal capacity. 

For tho variation of tho s]M!ci(io heat with 
temperature Griffiths obtained tho following 
equation: 

S 4 -0*6160+(t-20) x -0004 |-(i- 20) 3 x -000002. 

The ngreomont between this formula and 
tho experimental results will be seen from tho 
table below ! 

Taiit.h II 


Tmniierntnro. 

S ( Experimental, 

8, formula. 

15° 

•5137 

•5137 

20 

•5155 

•5150 

26 

•5175 

•6170 

30 

•5108 

•6108 

35 

■5221 

■5221 

40 

•5244 

■5244 

45 

•6208 

■5200 

CO 

•5204 

■5204 

52 

•6304 

•5305 


In tho oourso of this work it was observed 
that tho volume heat, t'.c. tho specific heat 
multiplied by tho density, was praoticully con¬ 
stant over the range of temperature investi¬ 
gated as shown by tho following results : 


Tam.k III 


Temperature. 

Specific 

Heat, 

S. 

Tenuity, 

it. 

Sxrf. 

15 

0-5137 

1-0257 

•6200 

20 

0-5160 

1-0218 

•6200 

30 

0-6108 

1-0130 

•6207 

40 

0-5244 

1-0010 

■5207 

50 

0-6204 . 

0-0055 

•5270 


§ (0) Si’KOiifio Heat op Oieh.—I n sumo ox* 
peri men ts in which it was desired to determine 


tho specific heat of oils over a wide rango of 

tompernturo the apparatus shown below (Fig. 2) 
was omployed by tho writer. 



At room temperatures the oils were ex¬ 
ceedingly viscous, and consequently it was 
necessary to omploy somewhat unusual 
methods of ensuring that tho contents woro 
well mixed. Tho heating coils woro arranged 
in the form of two flat paddles so that 
they woro in continuous rotation through 
tho oil; suitably disposed bailies further 
assisted tho mixing oE the contents of tlio 
calorimeter. It was necessary to load the 
current in ami out of tho calorimeter by 
means of two annular troughs of mercury 
into which contact bars from tho heating 
coil dipped, 

§ (7) SmtiFio Heat oe Liquids used fok 
RkfiuqERATOHS. —Osborn 1 has developed an 
apparatus suitable* for the determination of 
specific boats and latent heats of tho liquids 
commonly omployed in refrigeration work, 
such ns ammonia, C0 4 , S0 8 , methyl-ehlorido, 
and ethyl - chloride. Such determinations 
present greater experimental difficulties than 
are mot with in work on liquids at ordinary 
pressure, sinco these materials have a vapour 
pressure varying from 1 to 70 atmospheres 
at tho temperatures at which tho [thermal 
properties aro of importance in engineering 
work. Consequently, in tho design of appa¬ 
ratus for experiments of this character great 
attention 1ms to bo paid to details of con¬ 
struction. 

(i.) The Calorimeter. —Briefly tho nrrnngo- 
1 Mull. Mur. 1917, xv. 193. 
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meat is as follows: Tho material to bo investi¬ 
gated is onolosod in a calorimeter with thick 
motnllio walls of known thennnl capacity 
(I 1 'iff. it). Heat in applied electrically and tho 
jacket in maintained nt tho samo tomperaturo 
by the usual adiabatic arrangomonb. 

An air space liotwcon the polished nickel 
surfaces of calorimeter and jacket furnishes 
thermal insulation, Two tubes extend from 
tho top of the ealorimotor through the jnckot 
and liquid to tho outside air, terminating in 
valves. Ono of these tubes is intended for 
(loinuHition to pressuro-indicating apparatus 
and the othor for tho introduction and removal 
of tho material to bo investigated. 

Cam was taken to avoid having heavy metal 
ooimcoliniiK across (ho uir space and by Riiitably 



distributing those conneotions which aro necessary 
over tho oidorlmolor surface, tho part of tho 
thermal leakage due to lend conduction was oonsklor- 
ably minimised, Thormoolwncnls imlioato relative 
Htu'faco temperatures of the jacket onloritnotcr, 10 
junfltkiiiH being distributed upon cnoh surface. TMb 
permits of control over the thormnl lenkngo and 
tho correction for such lonkngo as could not bo 
avoided, 

TIicrmnjunoihuiH placed upon tho connecting tubes 
indicate the tomperaturo of those tubes at several 
[mints relative to rt jioint cm tho jaokot and in this 
way the temperature of Urn vapour oxpollcd during 
vaporisation exju'i iuiente could bo found. 

Tho inside of llm central tube in tho calorimeter is 
accessible at tho bottom for tbo introduction of the 
I icating coil and thermometer. Upon tho outs id o 
of thin tube are fastened 12 radial vanes of tinned 


iron about 0-3 nun. thick, extending to within ,L * M >l _ ( 

1 mm. of tho surrounding cylindrical wall. I 

vanes nro for tho purposo of promoting L1 1 * 1 1 . * * 

(ribution of heat within tho annular space nun l • 1 ■ 111 * *| 
the nmloriul under investigation. Tho vanes 

just nbovo the top of the central tube. At t h in I *' J1 ' ^ 
aro two flat circular bafllo plates, separated 

2 mm. by three small stool studs. Tho lower | *L* * *' 

united to tbo tops of the radial vanes with t ■ ■ * - * 

central holo ill tho lower plato and several li"b‘ :t 1 !* 
tho uppor ono between contro and outside f' ,,l|t 

a tortuous passago for vapour coining from l w I* •" * 
These two plates aro intended to intercept 1 11 Y-\ 
largo drops of liquid wliioli might bo thrown >M' 
vigorous boiling, shonkl it occur, and also not ,IM 1 
tlionnnl shield for tho top of tho calorimrt < “*’» 1 

second sot of four bafllo plates of spherical «-« <m f * ■* 11 
separated by about 2 mm. nro attaolied to llm • 1 '" 
mirfnoo of tlm coiiioal part of tbo calorlme-li'*' ,0 I'' 
Each plato 1ms a central Jiolo and four slain lit' 1 "* l * 
edge so ns to avoid trapping gns or liquid, Imt. t lr< 
passages arc so sized and spaced that tho mnri ‘ I ’ ‘ 1 11 
through tho [ilatcH is very tortuous, so ns to r»»»»***’ 
diflloult the pniwngo of liquid particles from Im* 1 o»v 
in a ourront of vapour being withdrawn llnoi'W'J 
tho outlets in tlio top. Tlio entire inner NUi fn' i' 
the steel slioll ami of tho various plates wilhii* 
all turned, using puro block tin. 


(ii.) Method of Experiment .—Two iliHtinot 
methods of experiment wore employt*< I. 
tho first motliod tho heat, added to a. 
amount of tlio subatnneo uiulor test tuni H***’ 4 * 
in the cftlotimotor imdor saturation com I 
together with tho resulting ohango in t*'**ii- 
porature, are measured. By using tint *«. f« »*" 
tlio specific volumes of tlio two phases ni»«l * I**" 
latent heat of vaporisation, tho heat !«»*+<• 
tho vaporisation of tho liquid is cubii** 4 u • 
and can ho nllowod for; thus tho HjifoUln 
heat of tho liquid when kopt saturnt**#! 
found. 

In tho second method tho oalm’inic^C.**-*’ I'* 
kopt full of liquid at a constant 11 • 

Tlio heat, added to tlio variable amount ii \ t I m 
calorimotor, and tho resulting cliungo in 
poraturo aro measured. A correction *r t bo 
heat withdrawn in tho expelled liquid in «-'(> 

mined by Bpooial oxporiments. By uhi> «►f tin* 
data for variation with pressure of tin* ! 11 l *-j *f 
heat of tho liquid, obtained from nn|Hir<i1o 
measurements, made with tlio same ajipnmt ini 
and material, tho corrections for prinwiii’M 
variation aro applied, and thus a. tuHtiMi*! 
determination of tho speoifio heat af I hn 
saturated liquid is obtained. 

As a final result, tho speoifio heat <r, in j * »ut* *t 
per grain por degree centigrade, nf 1 in j mLI 
ammonia, kept saturated, at tho tomjuyriitn*.- 
0, is given in the rango -45° to -I- ‘in'* t|»y 
tlio equation 


<r= 3-1305-<>■000570 + 


.10 -8-12 


The two curves in Fig, 4 show tho vomtlt« 
graph ioally. 
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B) Specific II bats or Solids by Elec- 
vt. Methods.—V ery little work has beon 
on tho determination of tho specific heat 


heats of tho metals aluminium, tin, copper, 
cadmium, zinc, load, and silver over the 
range - 1G0° to -i-100° C. 
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lid substances by tho electrical method 
it for tho metals. Tho mothod, of course, 
itself admirably to tho determination of 
jiooiflo heats of good thormal conductors, 
vitli poor conductors spooial dovices must 
lopted to onsuro uniformity of tompora- 
fcliroughout tho matoriul under test. 

3) Gaede. —Gucdc 1 appears to havo boon 
first to moasuro spooiflo heats in tin's 
ior. In his oxporimonts tho speoimons 
3d their own calorimeters. Those woro 
Sued to a cylindrical form and a dcop 
jn.1 core bored out. Into this was thrust 
pper ooro, wound with a proporly in- 
ad hoator of oonstantan ribbon and a 
rxnco thormometor of fine copper wire, 
aial oontnot between tho coro and tho 
of tho well was sooured by filling tho 
ironing Bpaco with moroury, using a thin 
shell when necessary to avoid amalgama- 
This calorimetor was suspended in a 
aostat and lioatod through an accurately 
tired tomporaturo interval of about 1C° 
measured quantity of energy supplied 
ri cully. 

try few particulars of tho investigation 
been published, and tho data obtained 
.iinmarisod in Table IV. 

LO) Metals. —Professor E, H. Griffiths 
Dr. Ezor Grlifitbs studied 2 tho spooiflo 

7ms. HcUschr., 1002, lv. 

•/til. Trans. Ho//. Soc. A, 500, 1013, ccxlit, 110; 

Pros. A, 1014, Ixxxlx. 501; Phil. Trims. A, 
.014, p. 310. 


Tablm IV 


MimouitY. 

Platinum. 

STUM. 

Toinyom. 

Into. 

Specific 

Heat. 

Tompora- 

lure. 

Hprclllc 

llimt. 

Tempera- 

lure. 

Hpcolfic 

Heat. 

17-1 

•03320 

17-5 

•03128 

10.8 

40(14 

31-8 

•03311 

32-0 

•03140 

32’3 

4082 

47-2 

•03302 

47-8 

•03107 

47-1 

•101)0 

014) 

•03202 

02'2 

■03180 

02'0 

4114 

77-0 

•03282 

77'2 

•03103 

70'7 

4120 

02-0 

•03273 

02-2 

•03205 

01-0 

4144 

LBAD. 

Antimony. 

TIN. 

Tomixirn- 

t«ro. 

II 

Tompom- 

tiirc. 

Specific 

Jtont. 

To in pom- 

tlllO. 

Specific 

Merit. 

18-3 

•03054 

17-1 

•05025 

10’8 

•05308 

32-3 

•03075 

33'0 

•05050 

32 5 

•05440 

47-1 

•03001 

47-2 

•05082 

40'8 

•055480 

01-0 

•03103 

02-4 

•05103 

024 

•05534 

70-0 

■03112 

77-3 

•05110 

70'0 

•05580 

02-0 

•03125 

02-5 

•05132 

024 

L 

•055023 

ZfNO. 

Cadmium. 

Comm. 

Totiiporn- 

turn. 

Specific 

Ucnt, 

Tompom- 

tura. 

Specific 

Heat. 

Tempo ra¬ 
tine. 

Specific 

Ilent, 

17-3 

•0022 

17-1 

•05483 

Ifl'7 

•0911 

324 

•0020 

32-2 

■05535 

32-7 

•0910 

47-2 

•0030 

47-1 

•05500 

47-0 

•0024 

02-2 

•0041 

01'8 

•05504 

014) 

•0031 

77-S 

•0040 

704) 

■05029 

704 

•0035 

02'7 

•0040 

92-2 

■05055 

021) 

•01140 
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(i.) TiUitpmii tires IV’- LOO”. — 1 Tim apparatus 
employed fur dotoiminal ions in the range 0" 
to I Oil" (J. is iiliown in I 1 'iff. f>. 

Two similar bluoko of Mm metal under test 
Wore miih| H‘iu 1 i'i I in two brims ennlosumt im- 



mornud in a mnmtani lompomtitro hath. In 
Mm muitml hole of cm oh bhuik \nw a healing 
null wliilHfc Llm coaxial holes onnUiinocl ic^hihL- 
iiiiuo llmrmmnotoi'H connected diffoumliiilly. 

Tho Mill'd hole* whh used for tho purpose i>r 
cooling Mio Monk Mow tho surrounding lom- 
|imaium hy the inwuTion of u thin-wallcd luho 
ooiitiiliiing other and ommuoliul to a water 
|)iini|i. 

In llto cxporiinoiltH min of tho blocks was 
I urn tod through a range from »mo degree below 
1-1 to lomporulurc of Mio eneliwuro to ono degree 
aliuvii tho loin porn lure of tho onelosimi l>y a 
uninsured uupply of ohmlrieul energy. 

Tills tamporaluro interval was mensural on 
a renlMlaneo hridgo in tho usual manitor. Kitieo 
Mio two rwifatanco thonimmotcra worn adjusted 
In ci|o so liquidity and nuulo of tho hhiiio mun]ilo 
nf wlro, Uio IiaIiiiioo point on tho bridge win* 
was pmuHeiilly at tho contra of llm wivo at 
nil lompomlnron ivhon tlm blocks wore in 
Imnpcmlnru oi|nillhrhiui with tho onehiHuro. 
iioiino no auxiliary colls worn required in tho 
Whmlwlnmt’H brldgo oiremit beyond tho equal 
ratio arms. 

TJio energy Hiipplicd to tho healing coils ww 
measured hy hnlitnoing Urn potential diltoronco 
at Ha onda ngaiimt tho K.MVI 1 '. of a sorlcs of 
cuulnihim ccilia ill notion, tho curront through tho 


coil being adjusted until balance was ol>t i 1 * 1 ** 

Tho resistaiH'.o of tlm heating uoil wan m'mI 

mined for tho particular vnlim of Mm ei» r,< 
pussing. . k 

(ii.) Low Tcmpentlitre.*. —'I'lm oxjioi j »»**” 
were continued at low temperatures bul^ '' 
a modified form of apparatus shown in 
as it was very difficult to obtain any noi 
lanqmrulurn imtli.s in tho region from • ■ J" 4 * * 

- 1 K0° <*. 

In thin apparatus a constant v* H ’ 

enclosure was obtained by tlm use of a t l»*' *' 
walled cop| 1 
Hummndcil * *- v u 
coil of 

through wln-'h 
cooled air 
luted. Tin'* *'’*'"' 

Thomson " f 

cooling w/i»'» 1,1 ’* 

ised in a diorl 
manner. A i«' " 
com premie cl **’ H 

pressure of 
to 110(10 11 *m. 
sip in., mu I * 1,1 " 
entered inl«* * 
inU>rolumg« * i" _ *’> 

MmpipeA, /-V?/. d 
This inter 
]1B wan 

Hlriiclod of "nil 




lips 

iMf 

'ma 

......iffiir 

pm 



FIO. 0. 


drawn copper tubing ft in. !»■*»-> 
tho form of flat spire In. K.n., . 

avq nf f.lin Pi til 
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around with hcnt-himilating material. From 
the intorts hunger coils tho air was carried to tho 
valve C, by means of which an observer con¬ 
trolled tho How, excess of air being discharged 
at tho Hufoty-valvo on the compressor. After 
expansion the air eireulated through the coil 
of lead tubing D» and then bade over the 
surface of the intorehangor coils. On the 
exterior surface of tho thick-walled copper 
enclosure E was wound a layer of insulated 
copper wire F, which served as a resistance 
tiiormomoter. Vail aliens in tho tompnruluro 
of tho walls of this enclosure were rendered 
visible by the movements of a galvanometer 
spot. Ry • controlling tbo flow of air the 
oscillations of tho spot could bo kept within 
narrow limits and, mulor normal conditions, 
tho oscillations did not oxcocd a hundredth of 
a dogreo in amplitude. 

Tho interior of tho woodon vessel M was 
pnokod with sing wool, 1 tho passage for tho 
withdrawal of tho copper enclosure boing kept 
clear by a cylindrical tube of cardboard N. 
Tho space between tho top of tho onclos- 
tiro and the outer lid was filled by wrap¬ 
ping felt matting around tho glass tubes anti 
leads. 

Tho block of metal G was snsponded within 
tho enclosure by a Binglc glass tube H. Tho 
eontro hole contained Hie heating coil 0, of 
nmnganin wire wound on a mica rack and 
immersed in a light paraffin, usually petrol. 
Tho hunting coil was fixed to a short taper 
plug of copper K, which closed tho central 
hole. T.'ha rosistanoo of the coil was about 20 
ohms. A platinum thermometer was inserted 
in tho cylindrical hole T, tho annular gap 
botwcon tho stem and tbo walls being closed by 
a packing of asbestos thread. Tho differentia! 
arrangement employed in tho previous experi¬ 
ments was abandoned as it would have required 
too long a timo to obtain tho equilibrium 
conditions. 

(iii.) Method of Experiment .—In these experi¬ 
ments tho practice was to heat tho material 
through a small tomporature interval from 
below tho surroundings to an approximately 
equal interval above, and observe the rate 
of riso during this period. Tho mothod of 
experiment was such that a direct deter¬ 
mination of the tomporature of tho enclosure 
was not required. An experiment was con¬ 
ducted as follows: 

The temperature of the enclosure was lowered 
progressively by utilising the full supply from tho 
compressor and controlling the llnvv so ns to produce 
a steady pressure drop through the valve of 120 to 
ltiO atmospheres. 

The temperature of the blook would fall at a steady 
rule by radiation and convention to the enclosure 

1 Tt Is probable that wool In Its natural state would 
have been it better Insulator at these low tempera¬ 
tures, since thn grease In tho wool prevents It from 
absorbing moisture. 


walls, and when its temperature had nearly readied 
the desired point the cold air circulation around tho 
enclosure was slopped. 

Its temperature would then riso rapidly by 
conduction from without and soon pass Mint of tho 
block which, in consequence of tho slow transmission 
of heat by radiation and convection, would lag 
behind that of the walls. The temperature of tho 
enclosure walls would then ho maintained steady at 
about three degrees higher than that of the motel 
block. 

Some time had to elapse before tho conditions woro 
Biifiioionlly settled to justify tho commencement of 
nn experiment. 

The first group of readings consisted of observa¬ 
tions of the rate of me of temperature of tho block 
by radiation, etc., tho transits of tho temperature 
being observed across successive equal intervals 
(of about n'oth of a degree), the timo botwcon suc¬ 
cessive transits being of the order of fit) seconds, 

Tho electrical supply was then switched oil, and, 
after allowing a little time for the sotting up of a 
steady gradient, transits every fifth of a dogreo were 
taken. 

Wlion the temperature had rison two or thioo 
degrees above tho surroundings the electrical supply 
was switched off and observations of temperature and 
time continued. 

Tho temperature would then fall steadily under (he 
influence of radiation, etc., the rule of cooling being 
observed in precisely the sumo manner us tho rule 
of rise of temperature before the electrical supply 
was switched on. 

If a is tho rate of riso or full ilito to radiation 
for 1° C. dilTorc-nco in tomjiomtm-o between tho 
block and tho surroundings, then mumming 
Newton’s law to ho valid for the loss or gain by 
“ radiation ’’ (an assumption which was fully 
justified by tho experimental results), wo have 
tho expression 

for tho ruto of riso or fall under tho influonoo 
of “ radiation ” alone. Honoo, plotting dO/dl 
against 0, tho straight lino joining tho two 
groups will out tho tomporature axis at 0 — 0^ 
which determines tho tomporature of tho 
surroundings. 

For tho rate of rise under the combined 
effect of tho electrical supply and radiation wo 
have tho equation 


where E a /R is tho olootrionl supply por Boooml 
in thermal units, MS tho thermal capacity 
of tho block including that of tho resistance 
coil, etc, 

Plotting tho observed ratos of riso bit tho 
same scalo ns tho “ radiation ” observations, it 
is obvious that tho straight lino thus obtained 
should bo parallel to tho lino joining tho two 
groups of “ radiation ’’ observations, since tho 
tangent of tho nnglo made with tho 0 axis is 
equal to a. For 0-0 o the “ radiation ” term 




At ami c Heat Cp. 
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vanishes, hence, if 0 (?n j?,t denotes tlio value of 
Hio ordinate at this point, then 

~dt lWlS* 

from which S can bo obtained. Tho results 
obtained aro NUtniti armed in Tahiti V, and shown 
graph fondly in Fig. 7, whom T ta the absolute 



tomporatiiro and ()„ is tho atomio heat, i.c. 
specific boat multiplied by tlio atomic weight: 

Taum-i V 


Abs, 

Tump. 

Specific 
II cat. 

c„. 

A 1m. 
Temp. 

BpoeUUi 

limit. 

0j>. 



Comm 



138 

0-0770(1 

4'04 

301-0 

0-00230 

5-87 

140-5 

0-071M2 

5-On 

330-7 

0-01)305 

5-1)5 

171-1 

0-08235 

5-23 

3-10-5 

0-01)387 

5-1)7 

201 0 

0-08503 

5-4(1 

370-5 

0-00521 

0-05 

27 !M 

0-000HH 

5-78 

.. 


.. 



XlNCJ 



11/5 -5 

0-08-121 

5-50 

323-0 

O'01)412 

0-15 

21J • 1 

0-0881)8 

5-82 

370-5 

001)521 

(1-22 

2711-1 

0-0017(1 

0-0(1 

31)0-5 

0-00570 

0-20 

204 -0 

0-00205 

0-0(1 

.. 





Kii.vkh 



15R-1 

0-05210 

fi'fl 2 

301 -5 

0'05013 

005 

187-4 

0-05302 

fi'78 

3-10-5 

0-051180 

(M3 

273 1 

0-05500 

0'00 

370-0 

0-05737 

0-10 



Oaumium 



108-3 

0-0-1007 

5'52 

301-5 

0-05554 

0'24 

181-8 

0-05287 

5-04 

327-0 

0-05010 

0-31 

273' I 

0-05475 

(1-15 

370-8 

0-05714 

(1-42 



Lead 



118'<) 

0-02807 

5-04 

301 -5 

0-03053 

0-32 

UIO-3 

0-02003 

0-01 

324-1 

0-03073 

0-30 

204-1 

0-020HD 

<3- II) 

340-5 

0-03102 

0-42 

273-1 

0-03020 

(1-25 

370-0 

0-03127 

0-48 


■Sodium (Anniui.kd 



12;ki 

0-2400 

5-07 

273-1 

0-2821) 

0-51 

150-2 

0-2580 

5-05 

305-1) 

0-2010 

0-09 

171) •!) 

0-21110 

0-02 

322-4 

0-2052 

0-70 

210-5 

0-2707 

(1-23 

3-10-1) 

0-3010 

0-1)4 

270-0 

0-2820 

0-fii 





Taiu.k V —canlinvcd 


AIM. 

Temp. 

Specific 

Heat, 

<v 

Aim. 

Temp. 

Sped 11 o 
Heat, 

c V- 

373-1) 

370-2 

31)04 

8oiuu.it (Mo 
0-3234 1 7-44 
0-3232 7-43 

0-3217 7-40 

■TEN iSi'A' 

400(5 

411 -l) 

T.) 

0-3205 

0-3181) 

7 *** 1 


§{11)Nkunst and Linmsmann. 1 —I’h*" 11 ' 
observers made a series of point to point tlo t 4 * 1 ' 
minations at very low temperatures, imiitl* u 
calorimeter dovolopcd by Euokon. 2 A jiutoo of 
motal of Hnitablo ai/.o was alia] aid into a lit *i I * 4 vr 
cylinder and a loosely fitting corn mmlo fnf tl 11 ' 
snmo. On the core was wrapped a plntiii* 11,1 
wire, proporly insulated, to nerve nanroamLo- 1 ,4 ‘'’ 
thennomotor and also ns oloottio boator. r J'Ii" 
coro was placed in tho cylinder and pai'-i<-H 
poured into tho orovicea to improve tho t-hivr* * ‘ 
contuot (sco Fig. 8). Tho whole was miapot»* l** 
in vacuo, and tho specific heat over 
tomporaturo intervals 
dotorniinod from measure- 
moots of onorgy supplied 
olcotvically and of tlio 
lompomturo riso resulting 
thorofrom. Nornst ami 
Liiulomaim applied tho 
samo mothod to poor 
heat conductors. For 
such materials tho doaign 
of oftlorlmoler is shown in 
Fig. 1). Tlio wiro was 
wound on a silver lube 
projecting into a silver 
vessel, tho high oondue- 
tlvity of tlio silver assist¬ 
ing tho equalisation of pm. h. 

tho tomporatiiro through 
tho mass. Some of the data for j 
metals obtained by Norust aro given * 

Table VI. * 

§ (12) Conmu.—Ilarpor 3 studied 
spooifio boat of coppor ovor tlio range 
16° to 50° 0. Tho specimen was in 
tlio form of coppor wire, which also 
sorvod ns its own thormomotor and 
lioaLor. Tlio wiro was 50 motros in 
length and-2-5 mm. in diamotor ; it 
was compactly coiled into a number 
of fiat spirals sopnratod by mica 
plates. Tlio ooil was suspended hi 
vacuo, and lioatod with a moasured 
quantity of energy supplied oloo- 
Irically, tlio rcanUl/ig tomporatiiro riso bedng; 
measured by tho cltango of resistance. r J*J u ^ 


Gjr. 

4 

.... 




1 Joiirn. de PhyKiqttfi, 1010, [-11, lx.: fiUlzuu 
perl. Akad 1010, I. 2 41, 202 ; Ann, d. PfW-* 1 U( I ’ 
r-n, xxxvi. m r >. ' *• 

Phnsik. Zeitschr., 1000, x. 080, 

Sci. Paper lUtr. 8'Ids., 1014, No. 231. 
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results of 27 determinations between 15° and 
fiO° are represented by the equation 

S = 0'0917 + 0*000018(1 - 25)° calories-, por 

grain degreo. 

4-182 joules is taken ns equal to one 20° calorie. 

(ii.) Comparison of Data by Vitriom Ob¬ 
servers. —Harper 1 lias tabulated tho data given 
by various observers for tho Hpccilio boat of 
copper. In order to eoniparo the results nt ouq 
dolinito temperature tho cooiHoiont 0-000044 
has been used in reducing results obtained at 


It will bn observed from 
a comparison of tho data 
given in Table VIII. (p. 
42) ami shown graphic ally 
in Fig, 10 Hint the re is 
substantial ugroomont 
boLweon tho results of 
observers using tho oleu- 
trioal method both as re¬ 
gards tho nbsoluto valuo 
of tho s|)Ooiflo heat and ils 
toinpovature coofilolont. It 
is vory improbable Hint 
there is any Hystomutie 
error common to all since 
tho throe nioHuids differ 
radically in detail. 

§ (13) Si'Kou-mo Hr, at 
OI? (1AS10H IIY El.'KCmiKIAI. 
Mktkouh. —Tlio method 
of oleolriciil 1 renting fur 
tho dotormlnnlinn of tho 
spccHIo heat of gases at 
tho various tomporatures to tho fi0° C. valuo, dift'orout toinperatures has hoen developed by 
tho formula R _ c , ,, nnnn ,Oallondar and his associates. 

Gases prosont groator practical clKlionUies 



TIjir cocllioicnl is the mean of those given by 
recent observers employing eleelrie healing and a 
point to point mcttuul ns shown in Table VII. 


Tam.8 VIC 


Observer. 

(VioIlleliMit. 

Calories per (Iran) Uegreca. 

Oat-do .... 

O-OOOOH) 

K Ii. (!rifilths niul\ 
E/er (IriDiths J 

o-ooooh 

Harper .... 

0-001)0 18 



Fro. 10.—Specific Heat of Copper. 


being assumed ns valid for values of l from than either solids or liquids, since it is necessary 
0° to 100°. to take groat precautions to ensure uniformity 

1 -Set. Paper Jlttr, Shis,, 1014, No, 231. of temperature in tho gas stream 














bo token Into account In making eomimrlsniis. In over 
the 1.6" calorie or tho 20° calorie (which UIIYol* from each 
probable experimental error. 

Clallondar and Swann * 1 applied tho continu¬ 
ous flow method to tho determination of tho 
specific heats of air and carbon dioxide at. 
atmosphoro pressure at 20° 0. . 

and 100° 0. Ill 


dll’ UAlJtl'flntHI UIWIHIWUIIIUHWHIIHI IIIIW WI1V. 

In ovory cano the dUferonuo bolween the unit employed ami 
mooch otlior by about one. part in a thousand) In lens then (ho 

tinu- cooled. This tube was packed with tightly 
[ tho lilting diacB of coppor gair/.o. T.Tno gnfi nmior 
o at testontoredatm,was heated up to tho required 
tomporaturo and ontored the Bpnoo round I ho 


(i.) The Apparatus .—In thcao 
experiments a steady stream 
of gas was passed through a 
jacketed tulio (tho calorimeter 
proper), in which it was heated 
by a ourront of electricity pass¬ 
ing through a platinum coil of 

1 ohm resistance, tho rise in 
tomporaturo being measured by 
two 12-ohm platinum thermo* 
motors used differentially. 

Tho calorimeter is repre¬ 
sented diagram nmtioally in B ‘ 

Fig. 11, tlio lieating coil and f<1, 
platinum thonnomotoro being situated in tho 
tube All, which is jacketed hy tho tube if. Tho 
tube F(1 formed tho heater in which tho gas 
attained tho desired temperature, ami being 
double-walled could bo steam-boated or wator- 


o b 
1-m.’ 12. 


To Bcilphurlo nckl (liter 


A, Tcopleco open to atmosphere through const ricled 
opening to allow excess of gas to escape; P H, lowers 
containing solid KOIC and Ou(31, •, (!, cotton wool ihmt 
filler; I), ftiitetnuUe pressure regulator: 14, throttle: 
I 1 ’, tune racked with gnu/.o to bring gas to the desired 
l.oinpcrntnro; <1, lino metal tubes for measurement of 
flow; M, oil gauge. 

calorimeter propor. It noxfc passed through 
the tubo it, into tho calorimotor, and finally 
omorged by Uio tube p. 

Tho general arrangement of the apparatus 
will bo understood from Fig. 12. 


1 Phil. Trane. A, MHO, cex. 1MI, 
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(ii.) Theory of Method.—It 0 in (ho electric current. 

JO tlio potential (lilloronco between the ends of the 
heating coil, SO the tIho in teinpemtnre of the gnu, Q 
tho rato of flew of the gas in grammes per second, J 
tlm mechanical equivalent of heat, nml 8 tho Rpnoifio 
heat of the gas at constant presanro, tho elementary 
theory of tho experiment gives 

Ul4=-ISQ<50-J-7i50, 

where hSO is ft term representing tho heat loss by 
radiation, oto. 

A siinilnr experiment with a rate of flow about 
linlf tho above value, nu<l with tho clcotrio ourronb 
adjusted bo that the rise in tomporaUiro was about 
tho Name ns before, gave a second equation, bo 
that ft could ho eliminated anil S' determined. 

Tho largest currents of gnu through the apparatus 
were of the order of (Hi litre per second. Tho mto of 
flow was kept constant by an automatic pressure 
regulator. It was measured by passing tho gas 
through 10 film metal tubes arranged in parallel, 
nml observing tho pressure difference between their 
ends, the menu pressure, nml tho temperature. The 
expression giving the mto of flow in lorma of these 
quantities was found by a series of experiments in 
which tho gns was pumped into a rawrvolr of about 
no litres onpaoily, and thou allowed to disoliavgo 
through Ihu apparatus, lly means of a apcoinl 
dovice, tho times tnken for cortnin quantities of gnu 
lo pasH through tiro apparatus wero recorded auto¬ 
matically while tho gns was actually flowing, so that 
tho initial fluctuations wero avoided. 

The vnluo of tho oleolrio current was obtained by 
measuring tho potential difference sot up at between 
tho ends of a standard resistance coil in terms of 
cadmium colls. Tho healing offcotB uf tho leadR of 
Die heating coll worn determined by experiments 
mado under tho oxnut conditions of tho main experi¬ 
ments. 

Tim rise in tempera lino in the main oxporimoutB 
was about G a U., niul it was measured to 0'001° 0. 
Tims tho apeoiflo heals wero measured praoticnlly 
at si agio temperatures instead of over largu ranges. 

Tho validity of assuming the heat loss for a given 
rise in lomperaluro lo Ira Independent of (ho rate of 
flow of (ho gas was tested by experiment. Tho 
matter was also examined from it thenralion! stand¬ 
point, and corrections worn calculated and applied 
whoro tho assumptions made in lho elementary 
theory wero buoIi as lo lead to errors of moro than 
about ono part in 10,(100. Tho corrections wero 
small, only Amounting to ono or two parts in 1000. 

Full dotaila ot various othor precautions arc 
given in the original paper, and tlio mean of a 
largo number of observations gavo tho folio w- 
ults: 

Mr 

■24173 oal. per gram degree at 20° 0. 

1-24801 „ „ » 100° 0. 

Giirhon Dioxide 

O'20202 cal. per gram dogreo at 20° C. 

0-22121 „ „ „ 100 ° 0 . 

ro several determinations- ogreo in each 
to about 1-6 pails per 1000, and tlio moan 
Its.aro probably corroot to ono part in 1000. 
no valuos of tlio spec! (lo boats obtained 


are greater by about 2 per cent than * M . 
corresponding values found by Regnaull> |l,lc . 
by later investigators who have ompl* 
methods similar in principle to that of 
gnault, but it lias now been established L1 111 ■ 
itcgnault’s method gives values which ui’O 
by about this amount. 

§ (14) Si-Ecmo Heat of Steam.— n r i' 1 L ~ 
worth 1 developed the same method fni' Lli*‘ 
determination of tho specific heat of ^tc* 11 M ’ 
at atmospherio presauro hotweon 10<l-° (5. 

115° C. 

(i.) Outline of the Method -.—Stoam is *' 1 "“ 
nted in a boiler and tlionco led to ono liml * 1 


1 F ir 


U-tubo pressure regulator. Tho pi'OHHii*'*' 


-f 


tlio steam forces tlio mcroury down in thin H n J ' 
of tho U-Libo and up in the other liirtl* 111 
whioh tho adjustment of t Ii** 
supply of gas to tho largo vMift 
burner, used for lioa.tin|4 
water in tho boiler, is 
After passing tho roguhvti»■ ' l 
sleain, now inaintained (‘•b ,lk 



|N no. 13. rfa 

d lt rf„ nml da, drains for condonsed water. 


constant prcsBuro, is led botwcon tlio walln *>f 
tho jaokot siirroimding tho oalorimotor pi inu'i . 
tlionco through a separator and a throttle* i 11 1 *• 
tlio spaooonolosed by tliodoublo-wallcd jiu'liol, 
whonoo it passes down tlio calorimeter Him- 
tube to a oondonsor. During tiio pasHfA^o »*f 
tho steam through tlio flow-tubo it is heat«•« I 1 *y 
moans of an oleotrio current passing llm m^b « 
platinum heating coil, and its temperatiin» in 
measured on a platinum resistance tliornm- 
motor. Another tomporaturo moasnromoi* t in. 
mado when the supply of oleotrical (morgy in 
out off, and tho difforonoo botwcon llimn two 
temperatures gives tlio rise in temporal.* a vo *»f 
tlio stoam, 

(ii.) Calor-imetna Arrangements Hi). - 

Tho oalorimotor proper consisted of a gl huh In I *1 - 
Y, about CO cm. long, in which tlio hoivliti^ ,jI 
C and tho thermometer N wore (ixod. 'J’l • 1 m 
tube was jacketed hy another glass Ui I k* M, 
whioh onolosed tho length ocoupicd 1 4-lac* 
lionting coll and thermometer. 

Tho oftlorimotor flow-tubo and its biutoiiuiU 
jug glass sheath woro carried on a split ru blntr 
cork wound witli omega tapo and fixed, tt* jvlt 1 nj,,' 
a steam-tight joint,- into a spnoo onoloHOcl Ivy „ 
doublo-walled brass jaokot. Tho lowot- j nu t, 
1 Phil. 'Pruns. A, 1015, eexv. 383, 
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of this jaokot communicates with a double- 
walled side tube and the steam entering at E 
passes hetwcon tho jaokot walls to K, which 
(jommunicatos with tho stemn soparator G. 
It then enters tho inner portion of tho fiklo 
In ho through tho throttle T. This tube in 
tightly packed with gauze discs; thonco tho 
steam passes up tho tubo S into tho top of tho 
iUnv-tubo at P, and descending past tho heating 
eoil Cl ami tho thermometer N flows away into 
the eondonsor at L, 

On its passage through tho tightly packed 
gauze discs in tlio side-heating tubo the steam 
was heated up to tho temperature of tho jacket. 

In Fig. Hi, which represents diagrnmnifttically tho 
amvngemoat thus dcnorilmd, it will bo noticed Hint 
(ho cylindrical space inside tho double walls of tho 
main jaokot is divided into two compartments by a 
diso K. Thin disc of brass was soldered to tho 
inner jacket tubo about 5 om. from the upper end. 
Its function is to prevent tho steam in tho tubo £> 
from impinging on tho rubber cork closing tho upper 
end of tho tube, and thus Going cooled. 

Any slight cooling duo to tho steam striking the 
lower split cork is of no importance, since tho steam 
would be warmed again during its passage up between 
the How tubo and Iho Burroimdlng jacket. Tho whole 
of the jacket, tho separator, and tho connecting 
tubes wore heavily lagged with felt. A novel feature 
of tho apparatus is tho “ spiral " molhod of mixing tho 
steam, in which use is niado of a number of oiroulnr 
discs punched to lit tho thormomotor tubo and then 
out along a diameter, bent, and soldered together to 
form ncontiiuiotmspirnl 
round tho thermometer 
(see Fig. 1-1). This 
method of mixing is 
found to bo a great 
improvomont on tho 
guuzo motion! previ¬ 
ously employed. 

Tho usual equation 
for tho continuouH 
flow method iB 
EG = SQ</0 +IulO, 
when) EC is tho doc¬ 
trinal energy sup¬ 
plied, S tho required 
specific boat if ex¬ 
pressed in joules por 
gmm C., Q tho rate 
of flow of the steam, 
dO tho rise of tein- 
pornturo of tho 
Btoam, and hdO is n 
term represonting iho 
heat loss. If this loss is independent of tho 
flow, then a linear relationship exists botweon 
tho values of EC'/Qdd and 1/Q. This is 
found not to bo strictly tho onso, and another 
term depending on tho flow is inserted 
in tho fundamental equation which thereby 
becomes : EG = SQ dO + (h + kj(i)dO. By tho 

employment of three rates of flow, ad¬ 


justing Ji in each ease so that AO remains 
tho same, h and k can bo eliminated and S 
measured. 

Tho valuo obtained for tlio specific lieat was 
0-485(1 cal. per gram degree at 104-5° C. and 7(10 
mm. pressure; then, assuming 
a linear variation with tempera¬ 
ture as experimentally deter¬ 
mined, this corresponds to a 
valuo 0-4878 at 100°, both ex¬ 
pressed in terms of tho calorie 
at 2CT G. 


(iii.) liffccl of Impurities in the 
Steam. —Steam in the immediate 
neighbourhood of tlio fuitiirattan 
paint is liable to curry Hinall particles 
of water in suspension, whioh can¬ 
not be ovupom(ecl completely by a 
moderate degree of auporhoab if 
any impiiritios, such us salt in 
solution, arc present-. Sinco I mg. 
of water requires move tlnm half 
a culorio to evaporate it, and tho 
lieat required to raise tho tem¬ 
perature of I gram of steam 10° C. 
is only f> calories, it is necessary 
that tlio initial ntciun aiioukl not 
contain more than l in 100,000 of 
water if tlio specific lieat is to bo 
found correct to 1 in 1000 over a 
range of 10° C. 

Tlio rise of tho boiling-point 0 
produced by a: gmm-molcoules of 
suit per gram of water is approxi¬ 
mately 1000.e° U. Tiro proportion 
of suspended water remaining nil- 
ovnpomtcd at any degree of super¬ 
heat O' will l>o 1000.1 fO'. Tho 

quantity evaporated in licnting 
tlio s ten in from O' to 0 9 will bo 
100 0x(0'-0')f0'0". This will pro- 
Uuco an apparent increase of 
tho mean speoiflo heal of tlio 
stenni over tlio range 0" — O' equi¬ 
valent to lOOOLr/0'0", whoro L 
is tho Intent bent of evapora¬ 
tion. It was found that this oxtremoly simple and 
convenient reduction formula fitted tho results 
obtained over different ranges of temperature with 
extraordinary precision, and reconciled apparent 
discrepancies which hiul previously been atlribilled 
to errors of observation. 

§ (15) Drteuminatioh or tiir Sukciito 
Heat of Ain ani> other Games at Boom 
AND Low TKMVKRATURKH BY THK CONTINU¬ 
OUS Ki.ow Ei.ectiiioai. Method.—S chool ami 
House 1 have dotormined tho speoiflo boat of 
air and other gases at + 20°, - 7H°, and ~ 1811° 
by tho continuous flow motiiod. Tho air was. 
directed in ft steady stream through a pipo in 
which it received a known amount of heat by 
means of a boating coil. 

Fig. 15 shows tho glass calorimeter in tho 
form in whioh Sohcol and House used it, Tho 
* Ann. d. Dins., 1«12, xxxvll. 70. ’ 
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M«»I whit'll in brought to a steady timipomlmo, 
nnli'L’H llio culnrjmolar from hc.lmv and (lows 
through a spiral, then through two glass jackets 
0 ami 15, and finally reaches llui inner lulie A 
whieh contains tho healing 
noil. Tim (oinpora lures of 
tlu» in- and outllinving gases 
ara didermineii by Mia ro- 
Hisfanao Miermmitetcra I*, 
and l.’ a . Tim whole is sur- 
mundeil by a vacuum and 
a glass jacket, silvered inside 
and is contained in a bath 
at constant temperature. 
As Iho air at lirat flown 
tlimugh the jackets (! and 
15 before it roadies tlm real 
ealorimefer, it ubsoi-lis the 
grentor part of tlm heat 
|-C given off (otlminimrvaeuuui 
ueiumling to the principle of 
eoimter eumuit and thus 
assists t lm insulating notion 
of tlio junket. This greatly 
mlucoH the less of Imat, 
hut dees not onliroly pre¬ 
vent it. Tho temperature of the outflowing 
gns is iiionHimid in tho transverse seotien Ah 
Tho heating noil Is bIuiwii in Fig, 111 and 
eoiiHinU of ummtuntun wire K and is wound in 
two Hooltoim on a glass pipe, 





Fit l. 10. 


in order to distribute tlio heat equally tlm W' 1 * 
tire liound together imd wound round (lie Unit cn|' f ,J ’ 
gnir/.o <!j us far as space (icnaits. Tlio wile eniln 11 1 ' 
suppm-li-d above and Mow by perforated i V* ,l 
strips !•!, and K a . In order to mix tlio gas limning: I* j 
(lie pin-king of roppi-r wire giui/.o (! a .is intnnh'* ,4 
nlmvo tlio coil, wliiolt in its turn in fastened will* J *' 
ivory strip I*!.,. The wires whirli eondnet, tlio mil ) • " r 1 
to Ibn heating coil are led up through tlm inner 
hilar and eoiiiireli'd nbovo I 1 !.) with the wires to * 
sinitrn of tlm eiirrenl and to (ho voltmeter. 'I'f'*’ 
lira ting coil and apparatus for mixing are eontiih »* '* 
in a brass plj»r M t which lils into a scanml 4 

pipe M„. M a is fastened witli sealing-wax join >•'* 
iinimliir groove on tlm inner pipe A, 

When working at room temperature (l 1 *' 
cidorinmler was placed in a large water ln»( 
well stirred. At low temperature, on (he crt-H*' 1 
hand, it was placed in a vacuum vessel wlii*'^ 1 
contained a mixture of ('O a snmv and uletdi' >*< 
or liquid oxygen. In each ease the gas, lief* >< *' 
entering the calorimeter, passed through u |»i ] *•' 
which was eimlnined in the same hath an I l» 4 * 
ealori meter. 

Tho same investigators, 1 when Mluilyi***' 
helium and siune other rare gases to low leu 1 ' 
peraliires, lnndifletl the apparatus so tin f " 
employ a elosoil eireiiit. 

The results they ohhdnod are Hummarim '* I 
in Tallin IX. They also calculated out tl*«' 
oorresponding values for the ideal gas idul«.» i 
' Ann. il. PhfiH., 11)13, xl. J73. 
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Tcmin«ratiii'i'. 

(V In Wal t- 
Hers, per (frum 

In dram 

('id. at IB" per 

dj>. 

(V, 

(‘<«i. 




.IlcHrui). 

dram Ih-greo. 





Kki.utm 


-i- 1H 

5-278 


4-003 

:»*(>oa 

4-003 

3-008 

1-0(10 

l-IUUI 

-ISO 

r»-nn 

1 *!»-(,, 

•mm 

2-010 

4-034 

2-0 III 

1-073 

t-uv:i 



IIyuiiocikn 





•1- l« 

i 


11-8(10 

-(•875 

0-800 

-(•875 

1-11)7 

1-407 

- 7 Ik 

13-23 

o-ir.7 

0*311/5 

■1*3711 

0-304 

4-370 

1 -153 

ii. o:* , 

*•■ IH1 

] i -on 

2-0II 


3*338 

5-320 

3-335 

1-507 

i-bo.’i 




Nitimiuhn 





■I- SO 

1-01.4 

l)-2-lt) a 

0*l)fi!l 

4-080 

(1-000 

4-084 

1-10(1 

1 -,'HW 

- .181 

1-071 

0-255, 

7*102 

4-870 

(1-718 

4-733 

1-408 

1-1 in 



• 

OXYdKN 






•1- Ull 

0*814 

<>-218 a 

o-tw J 

4*118, 

0-07 o 

4-085 

1-300 

i-risiH 

•••• 7 If 

O-NDH 

0-214 

0-80 

4-Hi 

0-81 

■1-83 

1-410 

1411 ! 

-1H1 

0-IMitl 

0-228 

7*30 

5-01 

tt-Ot) 

■1-01 

1*447 

1-401 



Am (KHHB l-ltOM CU a ) 




1 

-i- 20 

MH>H 

0-2-i() u 

0-0115 

4-1172 

(1-053 

4-008 

1-401 

1-HW» 

- 70 

1-01H 

o- 2 -i;»o 

7*01 

5-02 

(1-00 

5-111 

1-401 

1-31)11 ! 

1HI 

1 -out 

t)*2-.UI 0 

7-2!) 

4-00 

0-85 

4-8(1 

1-450 

i -H M 
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... 

i-om 

0-250 a 

7-000 

fi-OI1 

fl-001 

5-00(1 

1-308 

i*«nu 

1 

i -CW-I 

0-2158} 

7-244 

4*022 

0-743 

4-758 

1 -472 

in? 


‘udculatwl values, k and k 0 the ratios 0 p jC u and V, vo jV vo rospoolivoly. 






CALORIMETRY, ELECTRICAL METHODS OF 


47 
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those results arc in HW toil for comp a rift on Along¬ 
side tho others. 

The values at constant volumo aro obtained 
from tho experimental numbers at constant 
|)ressuro by means of tho expressions deduced 
by a com hi nation of 
the ordinary thermo¬ 
dynamical equations 
with I). Derthelot’s 
equation of stale. 

§ (l(() V A1UAVION OF 

tjih Sr Homo IIkat ov 
Alll WITH 1‘UHSHUKK 
OVMIl TIIM IlANUU 1 TO 

1200 Atmc>hi*ii nuns. — 

In 1014 Hoi bom and 
Jacob 1 made a new 
aeries of measurements 
of tho spocilio heat of 
nir high pressures by an 
electrical method. The 
calorimeter employed is 
shown in Fiij. 17. Tho 
eastings used in this 
construction were mado 
of nickel steel of high 
tensile strength. Tho 
air outers tho calori¬ 
meter at the bottom 
tb rough as malls]) I loriitftl 
pieco c t and leaven at 
the top through usimilar 
arrangement « s . .be¬ 
tween these two points 
there is a nickel steel 
pipe r. a with somioiroular 
ends c 3 and o„, into 
whieh the wide pipes c a 
and <: 7 load for tho 
entrance and exit of the 
current of air. Con¬ 
nections between tho 
various pipes aro made 
hy flanges fitted with 
packing rings. 

A heating coil q l 
through which tho air 
Hows is enclosed within 
the pipo f) 5 ; from boro 
tho air passed through 
tho annular spaces l, and 
J 2 , its direction being 
changed twice before it 
leaves the calorimeter. 

The spaces and l, 
are enclosed within throe nielcol walls. Tho 
direction of the air current is indicated hy tho 
arrows in tho figure. 

Tho outer space of the calorimeter is also divided 
into two cylinders Oj and o 2 , through wliioh nil from 
Uio small turbine r is driven in tlin direction of the 

1 Zeilschr. Yereinet Deitlw/t. Inn., it)LI, Mil. Id21). 


arrows. Tho oil can bo heated when desired hy 
moans of tho resistance coil q n , d is a steam junket 
surrounding the calorimeter nnd the exit pipe, 
leaving tho entrance pipo quite free. Tina hitter 
pipe is protected against, heat loss hy a wrapping 

led to hcotmg (cut 
j jo o<l circulation 



Ail (tram »htVM Ibui --► 

O’l _ , .. 


tad) It Hating M 
\ pasvi) ihiuujh insulating Du w»» 


Kid. 17. 

nf twin Lori silk and from the action of the incoming 
nir by a glass pipe inserted in It. Tho healer #/ t 
oDnsihln of a group of (10 split nioirel Lillies nboiit 
4 nun. inner diameter nml 445 outer diameter, Tbeflo 
arc fastened to two porcelain platen nnd nro bold 
together, otic behind I lie oilier, by eli|w. 'I'lin nir 
|Hisses through nnd around the In hiss; current is 
supplied to tliis healer by wires ii undated will) gliiss 
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heads. Iii IIki diagram Hid black part ie|iroHi-iif.s 
metal mill (lie shaded junta insulating material. 

Tho results nb a iompoMluro of 59° aro 
loprcKontod by tho ompiruml formula 

io | (V'-=--o:i i u-Kiipi-o-oooiV-o-ooooi?> 3 , 

wlioi'o p in bho jiroHHiim in nttmiiiphoros. 

The vuliio 0-2413 oblainoi! for Ilm sponUie 
houb ub fill 0 imd one uttmiHphoro pressure 
ugi'cmi vory HiitiHfaoloijly with those obtained 
by Swan (• 2-112 nb 20”) and School and ileuso 
{*52-100). it. of enurse differs from Rogiuudt’s 
viilim, which in now known to ho low. 

Tho following lulilogiven the values obtained 
for bho specific limit at n temperature of fill 0 C. 
ami fur various pressures measured in kilo¬ 
gram per Hq, oin.: 

Tam.h X 


metric thermometers luivo boon ho *\ 

developed that bho measurement of jii* 1 ' 1 
temperature changes presents no hoi. - *" ,lf? * 
diflieulby, and the technique of tom pm-, L I * *' c ..* * 
control of the jacket lias been greatly 

tilted by the use of oleobriciil heating, no ( i*'* 
the iuliereub diflioullies assoeiateil with * 
method ,of ealorimetry now umler eoiiHii I*-’ 1 ' 0 ' 
tion more than connterhalance the advent ii?t ri ’ 
it offers: consoquently, it is very litflo 
at the present day. 

The Bunsen ice calorimeter and (ho 
steam calorimeter are classical oxumplr:* 1 
this method of calorimetry. 

Dowar has applied the sumo priu^il >»•* 
to Hpeeiiie heat determination h at v«’ l >‘ 
low tomporaturcs, and obtained ditln i"* 11 ' 
corning the mean spceilie limit of iiuifi «|I • * * " 
between liquid hydrogen u*»»* 


V. 

.llolboni ami Jakob. 

litifwiinu. 

Joule and 
Thomsim. 

Vogel. 

Noell. 

(1 

(OllH.) 

(Calc.) 

•21IU 





L 

•2iin 

•2110 

•2070 

.. 

.. 

.. 

5 to 

•2'IIH) 

•2185 

•2711 

•2481 

•2480 

■2403 

no 

•2nr»4 

•2550 

•30111 

•2557 

•2513 

•25(18 

100 

•2(100 

•201)4 

•31175 

•2721 

•20(11 

•2701 

150 

•2H21 

•2811) 

••mm 

•21) 10 

•2770 

•2812 

200 

•2025 

•2025 


•3150 

•2853 

•2803 


liquid nitrogen teinjiemliin-H. 

§ (2) Bknmbn’h Ini.: (l,n.(*' u 
mktbk.—I n this instnmimil- t I 1 *' 
heat given out hy a body in «■< <■ *1 • 
ing from Home higher Irinin'' Jl '’ 
turo to 0° <!. is obtained *■>' 
olworving the coiilmoliou n'ld , ’li 
takes place in the olmngo frV>n* 
ico to water produced l»y- < 1i*- 
heat given by tlm body. 

Tim observed volume olwa ■’*•£*' 
1 h converted pito oidoricH * ►>' 


|i’or compurtmm purpoHCS the results of 
LnsNiinn and the values ouloidatod from the 
throttling experiments of Joule nml Thomson, 
Vogel (10LI), and Noull (1IH3) are inserted. 
Tluiso ivoro obtained from Jjindo’H formula 

where O 0 is the spceilie limit at pressure 0 nml 
8 the cooling when the jircssure is reduced hy 
blirottliug from p to a vanishingly hiiiiiII value. 

r:. (i. 

OAf.OltIMKTHY, METHODS BASIC!) ON 
THE ORANGE OF STATE 
§ (1) Tint Mktiioi). —Xu lliiH clans of onlori- 
inutvic appliances tlio quantity of heat to ipi 
inoftHurwi iH dotormined in terms of any one 
of tlio following : (i.) The mass of ioo molted; 
(ii.) Htonm condensed; (ill.) liquid hydrogen 
or oxygon viipcrisod. 

Ruiili monmiroinonts do not require an 
neourato mciiHurenient of Bimil! tomjiemturo 
ohnnges of the calorimotrio fluid, and taking 
into cmiHidoratiou the stale of thermomotry 
half a century ago when this method was 
introduced, this fnot was iimiuestionahly of 
nud advunLuge. Further, (he temperature of 
the surrounding atnmsjilioro cun liavo but 
little offeflt upon the indicnlimiH of the 
fliilovimetcr since the initial and final temjKtrn- 
tiireH are the snine, In rcoont years oulori- 


asmuning a value for the eonstaiit of tin* 
ieo eiilovimoter, i.e. the mass of moi-oiiry ilniw 1 " 
into tho instrumoiit liy tlio addibion of • »>*"’ 
mean caloric of heal. 

Numerous determinations of thin wnml nut 
have been made and tho vuIuoh aro muiiiiut rl'-v* I 


in Table I. 


Taiii,h I 


AuMinrlty. 

Um inch . 
■Schuller and| 
Wurtlia . I 
Than 
Vcltcii . 

Znlnv.ovski 

SI nub . . 

Dlotcriol . 
Grifllths (H/or) 


Phil. Man., 1H71, kH. 
IVinl. Ann,, IH77, II. 

(lkf.ni. Her., JK77, x. 

Willi Aim., IHrtl, v xi. 
j Hull. l'Ae<tti. **#V. 

X IHUi. 

/ imuig. Bins. Xiirii-Jt, 

\ 1H00. 

dnn. PJtyti., HHI.’i, xvi. 
j Proo. PInj. Moo. L\nul* >»,, 
\ Him, xxvii J. 


It might bo romnrkod that many of (he nU.v,. 
values arc based on chsorvallenH of (ho 
Imjiartcd to tho oalorimotcr hy a flinall t* y- 

of water contniiied in an envelope whom du’rmj*t 
capueily wna enmpnriible with that of the I'nlituiut*| 
water. Binco in tho majority of canes no allcioj il I***** 
been made to vary the conditions mid (linn • I■»***;».!• t 
HyHlemntie errors, all tlio values are not cutII Ins* | 

(he mime weight. For example, tho (Ignvo give-** | 
Bunsen is tho mean of two expedition Us riqo-ii, t*»* { 







CALORIMETRY, METHODS BASED ON THE CHANGE OF STATE 


40 


under precisely similar conditions: Uio glass envelope 
weighed 0• 2 gm„ contained (Kl gin, of water, and a 
platinum sinker (weight 0-f* gm.) was also attached. 

Dieterioi varied the quantity of water from 0-6 
gm. to 2 gm„ and consequently his determination 
is entitled to greater weight than lho others. 
Griffiths’ value was obtained by supplying a known 
quantity of heat measured ns electrical energy. Tito 
heat was supplied by a nuingaiiin noil wound on a 
mien rack which fitted the interior tube of (ho 
calorimeter (sec Fig. 2), and tho results nro based 
on tho electrical units of li.M.F. and resistance. Tho 
conditions were varied. Tims tho rato of enorgy 
supply in tho fastest experiments was more than 
seven times that in tho slowest, and tho prolmhlo 
error by tho niotliod of least squares was less than 
0d por oont. 

Biinson employed his ico oalorimotoi' to 
determine tho latent of fusion of ico as follows: 

Known weights of water at a known boiling 
tompomturo woro introduced into tho inner 
tube of tho calorimeter and the contractions 
observed. 

Jii a separate experiment a known weight 
of ice at 0° 0. was contained in a bull), tho 
rest of tile space being filled with mercury. 
The ico was molted to water, the temperature 
being maintained at 0° Moronry wan drawn 
into tho bull) to occupy tbo sjmeo left by tho 
ico in molting, and from tho additional weight 
of moronry tho contraction wan obtained. 
Ho found that tho inciting of I gram of ico 
oaused a contraction of 0 01)07 o.o. 

From tho results of tho two sots of experi¬ 
ments ho calculated tho latent heat of water 
to bo 8(M)2(3 calorics, which in 0*3 per cent 
highor than tho value obtained in recent 
direct determinations. 

Tho method is not a good one for dolorr 1 " 
ing tho latent heat of water, since tho mo¬ 
tions dopond on tho dilforonco of tho «] 
volumes of ico and wator. 

§ (3) Bunsdn’s Cai.oucmktmh and 
Modifications, (i.) Description .—A 
driaal tost-tubo A is fused into a largoi 
bulb B, ns shown in Fig. 1. Tho bull 
furnished with a glass stout 0.1), whloh t( 
ates in an iron collar 1). This stem is 
with puro bnilod mercury, which oo 
tlio bulb to tho loyol ft. Tito romaiiu 
tlio bulb abovo ft is filled with puro 
water. A calibrated narrow glass tu 
furnished with a millimetre soalo, is 
into a cork with Pino Boaling-wax, and 
passed through tho mercury in tlio coll 
and made fast in tho mouth of tho tub 
so that it becomes filled with moronry j 
by adjusting tho cork in tlio mouth c 
tubo 0D tho extremity of tlio mercury c< 
in tho scale tubo S can bo plncod ai 
convenient point, By methods, whiol 
described in most text-books on pro 
physios, a mantlo of ico is formed aroiw 
lower part of tho tubo A. 

VOL. I 


(ii.) Precautions in Use .—In tho original 
manner of performing tho experiment tlio 
instrument, ns described above, wus placed 
in a vessel containing pounded ico or snow, the 
top of tho tubo A and the tube S alone project¬ 
ing above the ico. It is, however, generally 
found that there is always a small diiVoronco 
in the freozing-point of the ice in tlio inst ru¬ 
ment and that of the ico outside. If the 
tomporaturo of tlio outside ico is higher, then 
there will bo a slow melting of tho ico in tlio 
instrument, which will causa a continuous 
creep of tho mercury meniscus towards tho 
instrument. If tlio freezing-point of Uio 
ico outside is lower than that of tlio ico in 
tho instrument, thou there will ho a slow 
freezing of tho wator, causing tlio meniscus 
to creop away from tho bull). This creep 
go.no rally ^_,- h 
amounts to 

2 or 3 centimetres per 
hour, and is sulTioiont to 
make it very dillieult 
to obtain trustworthy 
measurements. A slight 
addition to the instru¬ 
ment will almost elimin¬ 
ate Uio creep, reducing 
it to about a tenth its 
normal value. This ad¬ 
dition, suggested by llnys, 
onnsmlH in placing the 
instrument in an empty 
vessel, the top of which 
is closed by a cork through 
which the tubes A and S 
pass. This vessel is Hiir- 





50 CALORIMETRY, METHODS BASED ON THE CHANGE OF STATIC 


that tho density of ico is not a constant 
quantity. 

Tho experimental ovitlonco on this point is 
briefly summarised below: 

Niohols 1 reviews t-lio work of previous investi¬ 
gators oil llio density of ico and describes bin own 
experiments, Ho conohides that tho density of ico 
mantles, determined by weighing in petroleum, is 
OMM/i ±0-00009. This result agrees with tho mean 
value deduced from different methods by Pliicker 
and (lomsler, Kop)» and BunHcn (for a similav variety 
of ice) to four places of decimals. 

His experiments on tho causes of the variations 
in density of artificial ico wovo not completed. The 
method was to freeze (lio ico mantle around tho inner 
tube of a calorimeter by pinning in a mixture of (X), 
and other. Tho unfrozen walor was slinken out as 



completely as possible, and tho adhering water 
frozen, the remaining apace being then completely 
filled with moreury. The weight of tho moroury, 
together with that of the ico, gave the data for tho 
compulation of the density of (ho ico mantle. 

Although the results were consistent among them¬ 
selves the ulwolulo value was subsequently found to 

1 .amis on account of tho deformation of the glass 

">o weight of the contained moreury. 
"•-night tho disoropnnoy—amomit- 
'wonn his value and Bunsen’s 


was duo to tho much lower temperature nf. ivhb : * * * 
mantle was formed in his own experiment^. , ' 
tlieroforo mado some determinations with 11 » 11 * ' ' 
frozen by means of alcohol at - 5° to — 10° ns i <*f i'L'‘ ' r * 
nut in tho manner devised by Bunsen. Tho ni <' J 1 * 
merits appeared to indicate t-fiut the manLl,-., (* 
by tho lino of nlcnliol at — fi° to — 10” were Icm?* 

Ilian those formed by means of <„'O s and ,,ti j<" •' Jl * 
-70° by at least 1 part in 1000, and further tli*» * >m ' 
of the latter mantles decreased in density hy i M " J11 ‘ v 
this nmmint after standing 2-t hours in an h:o fnitb. 

Tho use of C0 3 and ether resulted in n vi*r V 1,1 I* 
formation of ice, and tho mantle, when a, coi l iti ** ** * 
was readied, invariably became filled with n 
of fine oraoks. 

Vincent 2 Inter took up tho subject, nnilu1 M ° ^ fl ' 
vestigaled the eoeflioiont of cuhionl expansion «»f 

Ho prepared tho ico by mcana of nfreezing mi x *-•' i >'"• 
and appeara to have obtninod a different driioil.v 
for enoh sample prepared. Table II. Buinninrb*** 1 '* 
his results: 

Taiii.e IT 


Experiment. 

Density Ico 
at 0°. 

Weight nsslfl m* il t « 
the Kxperlmoit*-. 

1 

0-0I03,lfi 

3 

2 

0-91/54(10 

2 

;t 

0-91(1180 

2 

4 

( o-oir»»40 

1 

\.O-0](i0UO 

2 

Weighted mean 0-91(10 



Jlis values for tho oooflioionk of expansion * >f H*>* 
above samples are oonsislcnt, and no ooimt'iil i<>n 
between variation in density and expansion cun I»’ 
traced. Vincent's mean vnluo for tho den hi Ly h* 
1 part in BOOO less than the mean of tho lesiillii * 
Pliicker and Goisslcr, Bunsen mid Niohols. 

Tlu> oxporlmonts of Lcduo in 1000 sugK<mt, 
canso of tho variations in donsity wliioli lirnl hci’ii 
observed by previous workors, Ledim took extnum' 
preoautions to get rid of all trnocii of ilium »l v« *»1 
air in tho water used for manufacturing tlu» h'n 
samples. Ho condonscil tho stenm from boiling 
water under oil (o obtain air-free walor. 

Tho results of those experiments; indicate! Hint 
tho density of ico at 0° was not less Ilian (MU 7ii„ 
and ns greater oft'orts wore mado to remove I nn-i-i 
of gases tho values obtained for tho (lensit..y i»i- 
orcascd. Ho concluded tliab tho density «>f 
free ico at 0° would probably bo 0-917(1. 

It is of interest to nolo that Laduo consicloiv* ttmt 
ico mado from water which has boon moroly b-a Vlb-il. 
as in tho case of tho Bunsoii aalorimotor, still i-im- 
toius about 1 o.om; of gas por litre at Atm(iH[>lit'rhi 
pressure. 

Another possible eaiiBO of llio variations In doiiHUy 
is tho strains sot up in tho ico blook on fnirnutlou 
ami which disappear in tho courso of time. 

§ (4) Joi,Y’a Steam CAtOHTMKTBB. (i.) 7'An 
Method .—In tho stoam calorimotov doviHCitl |»y 
Joly 3 in 1880 tho heat noccssary to voJho Lltn 
temperature of a body from tho air tomportx t ti r-u 
to 100° is measured by determining tho w«ig| ( {, 

„ 1 Ph;/s. Re»„ 1902, xy. 
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of steam which must l)o corulonscd into water 
at 100° to supply this heat. 

The instrument, especially in its -differential 
form, has been found very usoful for spcoial 
purposes. Bub the oxporionoo of most users 
indicates that tho condensation method is 
more troublesome to use than tho method 
of mixtures for tho determination of tho 
specific heats of solids and liquids. In tho 
hands of Joly, however, tho steam caloriniotor 
has produced data of fundamental importance 
concerning tho speeifio boat of gases at constant 
volumo. 

One disadvantage of tho condensation 
method is tho fact that less than 2 milligrams 


becomes at once filled with saturated vapour. 
Condensation immediately begins on tho sub¬ 
stance and tho resulting water is caught in the 
pan, weights being added to the other pan of the 
balaneo so as to restoro equilibrium. During 
tho process of weighing, tho steam is passed 
through very slowly (by opening an oseapo 
tubo leading from tho holler) into tho calori¬ 
meter, so ns to avoid disturbance) of tho pan. 
After four or five minutes tho substance 
has generally attained tho temperature of tho 
steam, and tho condensation is completed. 
Tho pan then censes to inorenso sensibly in 
woight, and tho equilibrium of tho balaneo 
is maintained permanently. A very slow 



of water is deposited per calorie, and conse¬ 
quently it necessitates uccurato woighing. 

(ii.) The Apparatus,—Tho simplest form of 
Joly’s apparatus consists cssontially of a 
steam chamber of thin metal in which is 
suspended from tho arm of a balaneo a small 
platinum pan (Fig. 3), carrying tho subatanoo 
under test. 

Steam can bo turned on to Ibis cliambor, 
as indicated, and escapes through a pipe at tho 
baso. 

It is essential to arrange tho inlet valvo so 
that tho stoam can bo admitted rapidly for 
reasons which aro explained lator. 

(iii.) Method of Experiment .—Tho substance 
is weighed witii air in tho ohambor and tho 
tomporaturo carefully uotod. Steam in tho 
meantime is got up in tlio boiler, and is 
suddenly admitted, so that tho whole ohambor 


inoroaso of tliroo or four milligrammes per 
hour (duo to radiation) is, however, notiuwl. 
Lot 0 a bo tho tomporaturo of tho steam uud 
L its latent heat. If w is tho inoraiHti of 
weight tho quantity of heat given out by tlio 
condensation is t»L, and thin is oxponded in 
raising tho substance and the pan from to 
0 a .^ If W bo tlio woight of tho substance, and 
s its spooifio heat, tho boat acquired by the 
substnneo will bo Ws(0 a -0,), and that 
acquired by tlio supporting pan will bo 
k(0 a - Of), whore k is tho thorranl capacity of tho 
pan, that is, tho quantity of hont necessary 
to raiso its tomporaturo 1° 0. Ilonoo wo hnvo 

W«(0 a - 0j) -(• k{0 2 ~ Oi)—wL. 

Tho quantity k is determined by a previous 
observation, and tho tomporaturo 0 a is found 
either directly, by a thermometer inserted in 
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tho steam-chamber, or by means of Regnault’s 
tables ami a reading of the barometer. 

For extreme accuracy a small correction is still 
necessary. The weight W of the substnneo is found 
in nir at 0„ and the weight w is found when the 
substunco and pan are in steam at 0 a . The weight 
of steam per oubic centimetre at 100° is littlo more 
than half that of nir at ordinary temperatures; for 
this reason tho weight i u is greater than tlio weight 
of vapour condensed by excess in weight of a volume 
v of air at 0 , over tho samo volume of steam at 0 tl 
whore u is tho volumo of unbalance and pan togethor. 
Tho difference of weight of a eubio centimetre of nir 
at lil° 0. and a cubio ecnliiuotro of steam at 100° is 
■OOOIHIG gram, according to Itcgnault; heneo tho 
corrcotion to lio applied to iu is ■OOOtifiOr. 

This correction being applied, tlio weight of 
wator condensed is determined, but it must be 
romombored that tho weighing is nnulo in steam; 
and, if extreme necuraoy bo desired, it is still 
nooossary to multiply by tlio factor 1'000589, 
in order to vuduco tlio weighing to vacuum. 
Tlio notunl weight in a vacuum of the water 
comlciised will therefore bo 

1'000589(«>- O'OOOOROd), 
bu that s is determined from tlio equation 

(\Vs+ /;)(0 a -0 1 )= 1-000589(7(1-0-000030u)L. 

Roforonco should bo made to § (0) of tlio 
nrtiolo on “Latent Ilcat" for values of L. 

In order to avoid the condensation of steam on tho 
suspending wire, where it leaves tho steam chambor, 
it passes, not through a small hole hi tho motnl, but 
through a small hole pierced in a plug of plaster of 
Paris. Without tlio plaster tho Hteam condenses on 
tho motnl and forms a drop at tho aperture through 
which tlio suspending wire passes, and destroys tho 
freedom of motion of tho wire and prevents accurate 
weighing. Willi tlio plaster of Paris plug no suoli 
drop col loots, mid tlio weighing can bo performed 
with ncouraoy. In his intar experiments, Professor 
July placed a small spiral of platinum wire around 
tho suspending wire just nutsido tho aperture, and 
by passing an olcclrio current through tho spiral, 
sufficient heat is produced to prevent condensation 
on tho suspending wire in the neighbourhood of the 
aperture, Resides ncouraoy in weighing, a point 
of primo importnneo is tho rapid introduction of tho 
stoam at tlio hoginning of tlio oxporimont. When 
tlio steam first enters tho calorimeter, partial con¬ 
densation occurs by radiation to tho cold nir and tlio 
wnllB of tho chamber, Some of tho condensed 
globules may fall upon tho substnneo and lead to an 
error in tho vnluo of s. If tho steam enters slowly 
this error may bo large, and it is therefore important 
to fill the chamber at onoo with steam. This 
necessitates a good supply of steam and a largo 
delivory tube, but when Hie chamber Is welt filled 
with steam a very gentle afterflow suffices. If tho 

,.i- supply bo out off, tho weight of oon<lcnsed 

lowly diminishes. This arises from tho 
'■“r to the colder walls of tho chamber, 
■m he again turned on tlio weight 

of condensed 


globules on the pan during tho initial singes of Hie 
experiment Is somewhat counterbalanced by radia¬ 
tion from the steam to the substance, 

§ (5) The Differential Steam Calori¬ 
meter for the Determination of Sncoiwo 
Heats of Gases at Constant Volume.— In 
tho differential 1 form of tho stoam calori¬ 
meter the correction for the weight of steam 
displaced by tlio pan is eliminated. In this 
form (Fig. *4) two similar pans hang in tho 
steam chamber, one suspended from each 
arm of tho bnlanco so ns to counterpoise each 
other. Tho thermal capacity of the puns 
can bo made equal, so that tho term with k 
os a coefficient docs not appear in tho equation, 
and tho radiation error will also disappear, 
as it will cause equal condensation on the 
two pans. 

Tlio chief use of tlio differential form is, 
however, its application to tho calorimetry of 
gases. For this purposo tho pans are replaced 
by two sphoricnl sliolls of copper, ono contain¬ 
ing the gas at a known tompornturo and tho 
other ompty. Tlio spheres are furnished with 
Binall pans, or " catch-waters,” to collect the 
water resulting from condensation, Greater 
condensation occurs on tho splioro which 
contains tlio gas, and the oxccss gives the 
quantity of heat required to heat tho contained 
mass of gas from 0, to 0 E . This determines 
tho speoifio heat of tho gas at constant volume, 
Tho great advantage of the differential calori¬ 
meter is thnt any source of orror common 
to tho two spheres is eliminated, and tho 
gas or other substance enclosed in ono 
of them moroly bears its own share of orror 
and not that also of the containing splioro. 
Thus tho offoot is practically the same ns if 
tlio gas woro contained in a vessel of zero 
thermal capacity in tlio single steam calori¬ 
meter form. 

Tho spheres employed by Professor .Toly 
woro of copper and about li-7 cm. in diameter, 
tho ono containing tlio gas being made to 
stand ft safe working pressure of about 35 or 
40 atmospheres. If at tlio beginning of the 
experiment this spaco is filled with air at about 
22 atmospheres at 0, tho pressure will rise 
to about 30 ntmosphores at fl a . In ono ox- 
porimont 9 tho weight of air contained was 
4'2854 grams. The condensation observed as 
duo to tho air was O'15217 grams. This 
required a correction to compensate for the 
difforonco in weight of tho spheres. Tho 
corrected value was 0T1029, tlio range of 
tompornturo, 0 9 - 0 lt being 84-52° O, III a 
series of six oxporinionts the moan precipita¬ 
tion per degree contigrado was 0'018004. 

The following corrections are also necessary ; 

(a) Correction for tho tliormal expansion 
of the vessel, and tho consequent work done 

J. .Toly, Prnc. lion. Soc., 1880, xlvll, 218, 
s Phil. Trims. A, 1801, elxxxll. 08. 
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by tlio gas in expanding to this increased 
volumo. 

(b) Correction for tlio dilatation of tho 
Hphoro under the increased prossuro of tho 
gas as tho tompornturo rises. 

(c) Correction for tlio thormnl effect of 
strotohing of tho material of tlio Hphoro. 
(Wires aro generally cooled by sudden exten¬ 
sion, but the cooling of tho copper in this caso 
is too small to merit consideration,) 

(tZ) Correction for displacement or buoyancy 
arising from the increased volume of the 



I-’io 

sphere, both in the air at 0 i and in tho steam 
at 0 a . 

(c) C'orrootion for unequal thormnl capacities 
of tho spheres, 

(/) Reduction of tho weight of tho precipita¬ 
tion to vacuum. 

Professor July’s experiments show that in 
the case of air and oarbonio acid tho spooifio 
heat incroaBcs with tho density, but with 
hydrogen tho opposite seems to bo tlio ease. 

.For air tlio spooifio heat at constant volumo 
at a mean pressure of 10-01 atmospheres, and 
a mean donsity of 0020/), was found to ho 


153 


0*1721. For carbon dioxide, tho change with 
pressure is shown by tho following table : 
Tajh.k Ilf 


Pressure In 
Atmospheres. 

Donsity. 

(!,. 

7 -‘If) 

0-011B30 

0-1U81! 

12-2I> 

O-OIOHBO 

0-170.11 

10-87 

0-02S40H 

0-171-11 

20-90 

0-0315529 

0 17.10.7 

2WS« 

0-0.37802 

0-17.1815 



Tlio moan result of tho experiments on 
hydrogen gives a spooiilo heat 2-402. 

§ ((5) Dhwak’h Liquid Aik and Hymn hush 
CAr.OKiMKTUji,—Dowar 1 lias devised a onlnri- 
motor based on nn analogous |>riiuitplo to tho 
steam calorimeter in wliioh lio employs ono of 
tlio liquefied gases as oalorimotrio fillbstaneo. 
Whilst Joly’a onlori motor dopmulu upon oon- 
clonsation on a onhl object, Dewar’s calori¬ 
meter depends on tho evaporation ns a moans 
of absorbing boat from tlio hot object. Iindcnd 

' l*roc. lion. Soc. A, Ixxvl. 320 ; Hoy. hist. ]'roc., 
1001, xvll. CHI, ’ 


. - 1 , 
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of weighing the quantity of gas evaporated, Ito 
determines tho volume of gas given off from 
tlio liquid wliiah, of course, is at its boiling- 
point. Now the ohoico of liquefied gas to be 
employed ns calorimeter substance is deter¬ 
mined mainly by two considerations: 

(«) Tho quantity of gas given off by 
evaporation on the absorption of one enlono 
of heat, and 

(b) Tho range of temperature avails bio 
through which substance is cooled. 

Tho tablo bolow summarises tlio data for 
aomo of tlio possible gases: 

Tabt.b IV 


fi 0 o.es. capacity, which 1ms been sealed or 
a long narrow tube U, projecting abovi 1 * 
mouth of A, and bold in its place by hi 
loosely packed cotton-wool. Tram tin* 
of this narrow tube, either before or ,l 
passing out of A, a brunch lube E i« I ah i mi 
to enable tlio volatilised gas from the «’iil 
motor to be collected in the receiver E. « 
water, oil, or other suitable liquid. T<> 
extremity of the projecting tube (.1 a hi 
test-tube 0, to contain the portions of nutfi 
experimented on, is attached by a |ih'<'< 
(loxiblo rubbor-tubing D, tluis forniiii) 
movable joint, which onn 


Lli|Ulil Hone*. 

Hulling- 

twilit. 

Liquid Volume 

1 Omni nt 
llolUng-polht 

In t-.c. 

I.itont Unit 

In Omni- 
i-alorlra. 

Viilumo of (Ins nt 
0° Itml "liO mill. 

(Sir tl rnin- 
raluvlu In e.n. 

Sulphurous acid 
Carbonic acid . 
I'Thylcao . 
Oxygen , 
Nitrogen . 
Hydrogen. 

-1-10-0° 

-780 

- 103-0 
-182-6 
-10B-G 

- 252'6 

0-7 

0-llfi (solid) 
1-7 ,. 

00 „ 

1'3 „ 

M3 

07 0 
142-4 
1100 
63-0 
60-0 
126-0 

30 

30 

7-0 

13-2 

16-0 

88-0 


It will bo observed that oxygon gives off 
13-2 o.o. por caloric whilst othylono gives 
only 7. Hydrogen gives off 88-fl o.o. and is 
particularly advantageous but for tho fact 
that tho manipulation ia difficult. Although 
nitrogen is n little bettor than oxygon, it is 
preferable to uso tho lattor for tlio following 
I'onson. Tlio boiling-point of air is bolow that 
of oxygen. Even if there is no layor of cold 



oxygon or gas on tlio surfaco of the liquid 
oxygon, tho air coming in oontaot with it 
through tlio ncok of tho oaloriinotor would 
still remain gaseous; but if liquid nitrogon. 
is used as oalorimotrio substanoo, air, being 
henvior than nitrogen but having a higher 
boiling-point, would, in falling down tho ncok 
of tho calorimeter, come in contact with tlio 
col<l gaseous nitrogen and bo condensed, 

§ (7) This Liquid Oxygen Calouimetko.— 
It consists essentially of a largo vacuum 
vossol A {Fig. 5) capable of holding two or 
three litres, into which ifi inserted tho oalori¬ 
inotor, a smaller voonuin vcssol B of 25 to 


tho small pieces of huBhI-i 
contained in tl into tho «»ii- 
motor, mill wliioh aflorwi 
assumes h piwilioti of 
Boinowhat like Unit in 
diagram. 

Willi ouro it Is possible lo 
a single piece at u time fro 
into II. Imt an improved 
of Ibis leooptuolo in allowi 
ty),. In it, I’ is a wire mm 
through Uic cork Q, MtUid Into Hie mouth <>t 
lost-in bo attached by a branch through l( »«i 

rubber lube iq to the end of <1, as liefuri'. 
tlio ond of the wire P is a book, by wbieli oi»«> | 
of tlio Hiibslnneo at a time can he pulled ti|> 
dropped into Jl. When no other arrangement* 
made, tlio portions of matter experimented in: 
at the temperature of (be room; but when I 
temperatures are required initially, u vacuum v 
II, non tabling either solid carbonic iiehl. U 
ethylene, air, or other gaa, can he placed m« ii 
envelop the test-tubo (1 or 0, t or if higher lmii| 
tores are required, the surrounding vessel mu 
filled wlili tho vapour of water or other liquid*'. 

Now, when a quantity of liquid uir 1ms been m 
going volatlliKatirm fora (line, as the nitrogen i»vi 
a tea more qidoldy than Hut oxygen (lie IndliiiK-j 
riaes slightly. Two points require nUeulioi 
oonsequoneo of this: first, tlio imilnleiiuiim* 
coiiHlunt tempemliire of tho liquid air during 
one series of experiments; next, (be prevent ii 
a tendency for tho calorimeter H to “ rnude lw 
Homo of the already volatilised gas. ilemuj 
exterior vcssol A should bo Illicit with u. 
quantity—Homo two litres—of old liquid niiv 
tabling a high percentage of oxygen, and I In* ii 
motor itself should bo filled with Homo of Urn 
fluid. Thin will mntntidn very closely the emi 
temperature required. When any ‘‘sucking In 
r coins to bo taking place, Um calnrimalor slum 
emptied and filled anew from tho larger firm 
Tho lulio bctwcon the oaloriinotor and the gas ret 
should bo of tlio sizo of wide quilt lulling, fi'ii 
lower end should bo so arranged bolow ilm h i 
of tho liquid in (ho collecting vessel no lo (*(’ 
resultant presaure. With snob preoauliuua, is 
may easily bo obtained oorreot to within it |n*r 

Tho inatrumont having boon Hot up atul 
with liquid air, an ox port intmt ia cmmli 
by tilting up tho littlo teat-tube, pruv it 
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cooled or lion ted, thoroby dropping into tlio 
calorimeter a portion of nny substance previ¬ 
ously weighed. The substance in this way 
falls from the temperature of the room to 
that of liquid air. The heat givon up by it 
volatilises somo of the liquid, which is carried 
off by the bmnoh tubo and measured in tho 
graduated rocotvor ]?. Immediately preceding 
or following this observation, a similar 
experiment is made with a small portion of 
a selected standard substance, usually lend. 
The quantity of lead is so chosen ns to produce 
about the same volume of gas in tho receiver 
ns that supplied by tho portion of substance 
experimented on. By this means tho circum¬ 
stances of tho two observations tiro mado ns 
similar ns possible, and thereby many sources 
of error arc eliminated. 

§ (8) Liquid Hydrogen Calorimeter.— 
In 1913 Dewar 1 furthor developed the 
method so ns to adapt it to tho range of 
tomporaturo botween tho boiling-points of 
liquid nitrogen and hydrogon: from - 190° to 
- 263° 0., a rnngo of only 57°. 

Tho liquid hydrogen cnlorimotor is a glnss 
cylindrical bulb vacuum vessol A (Fig. U) of 
60 o.o. oapaoity, silvored, with J- cm. Hlit. On 
tho nook is sonlcd a glnss tubo B. This 
projects through tho brass coned fitting cap 
F of tin ordinary slit silvored vnomim vessol 
in which it is supported, A sido dolivory 
tubo, provided with stopcock D, is sealed 
noar tho top of B. A short length of rubber 
tubing on tho nook of F makes a gas-tight 
joint with B. To minimise splashing, and to 
rcduco tho impact of tho falling pieces, a thin 
strip of Gorman silver or lead E, bent out 
noar tho top into a shoulder about 1 cm. 
squn.ro, stands centrally in tho cnlorimotor A. 
Tho strip is out from a thin tubo of about tho 
saino diamotor ns tho cnlorimotor nook. A 
short length of tho tubo is loft above tho 
shoulder, and supports tho strip by fitting 
loosoly into tho ncolc of A. Somo such 
dovico is essential in tho uso of this form of 
tho liquid hydrogen calorimeter. 

Tho calorimotor in its turn is immorsed in 
liquid hydrogen in tho supporting vacuum 
vessel 0, tho nook of tho calorimotor being 
8 to 10 cm. below the liquid hydrogen surfnoo. 
Tho vacuum vessol 0 is only slightly widor 
than tho lower part of A, and is provided 
with a coned cap 1', whoroby it is also 
supported and oomplotoly inunorsod in a 
wider vacuum vessel G containing liquid air. 
G is also fitted with ft brass conod eovor, 
fitting vacuum-tight on to tho cap F on 0. 
Both caps are pierced by two thin tubes, one 
for fitting on to the filling syphons, tho othor, 
bent at right angles, serving for connecting to 
tho exhaust in the enso of tho liquid air vessol, 
and in tho case of tho liquid hydrogen to tho 
1 Proc. Boy. Soe„ 1013, Ixxxix, 158. 


stopcock leading tho evaporating hydrogen 
through tho upper part of tho apparatus. 

This arrangement thus aharged only needs a littlo 
liquid air euolced it) every ono mid n half hour. Tho 
liquid hydrogen vessel will not need repUmisiting for tit 
least four limit’s. Tito level of Hie liquid hydrogen itt 
tho calorimeter does not fall 1 oni. in six hours with 
constant use. The bulk of the materials added roughly 
coin pen sates for the volume of 
tho liquid hydrogen ova porn ted, 
ft is important (hat this level 
should not materially eluinge, 
since, after striking ( lie shoulder, 
bodies move more slowly, are 
deducted on to the cold wall, 
and low results 
arc obtained duo 
fcn tho longer 
cooling of the 
unite rials in the 
vapour before 
being immersed 
itt tlio liquid 
hydrogen. 



liTa, 0, 


Tlio isolation of the calorimeter was Mich that lens 
than 10 o.o. of hydrogen gns wan evaporated from it 
por minute. Tho wholo apparatus is supported be¬ 
tween tho corlc-lincd spring jaws mounted on a heavy 
motnl lmsc on which tlio outer vaouuin vessel rests. 

Tlio cooling vcBsol It is eonnoatod by an 
india-rubber tulio to tho top of tho calorimotor, 
It consists of an ordinary cylindrical silvorod 
vaouum vessol, 20 cm, long and 7 om. wide, 
with a eontral axinl npnn fcviho IC Honied in 
bolow. . This tube passes through tho liquid 
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in Hits vmiuiuu vessel. It has the samo 
diameter below ns tho nook tube of tho cnlori- 
motor. Near tho tup of tho central tube a 
niilo tuba J, of about tlio numo diamotcr and 
Homo 3 out. long, servos for tlio introduction 
of tho weighed pinion of material, which arc 
nil (.molt'd previously to tho temp ora turo of 
Hijuiil air, and then fall on to a thin metal 
dine P lilting loosely tlio tube K, where they 
remain about lfi minutes. I* in wipportcd by 
lining binged In two thin ohonito rods, L and 
11, lixed to a trims fitting coinontcd on to 
the top. 'Tho rod L is not fixed directly to 
Iho disc Imt to a nuital ling It. From tlio 
ring .It two thin vertical steel wires are 
eonnetded freely to two points on tho circum¬ 
ference of tho pan liolow. This rod and tho 
attached ring can bn given a vortical motion 
by a drunk N in the top fitting, thereby 
tipping tho pan nud releasing tho picco of 
inalonul, which then falls freely down into 
the euli i ri nud or. A high viuhmm is maintained 
by a eross-tubo S, opening to the annular 
space, llllod with charcoal. 

AI. Iho lompcrulnro of boiliag nitrogen, tho oon- 
vodtlim Havrenls in the central Lulio of such a vessel, 
when connected to the eidorimeter below, liuvo no 
Horimm cfVeot on the temperature in the tube lit a 
rcmmimblu dluliuiuo from tlio liottoni, provided die 
central tube bo not wide, With a larger pattern vessel 
the width of tlieeonlrul tnlio was iiioicnscil t«2-2oin., 
ami even here the difference was under IP at tho level 
of the ]>uu, These lemperalvires were measured by 
a Kiimli helium llieriiiomctcr, eoiisisting of a 4-o.c. 
bull) to which wiov sealed a small mercury manometer 
of lino capillary tailing. 

Tlio hydrogen evaporating from din liquid in the 
v nemo in vessel < in which the calorimeter is immersed, 
]a employed in the interval of olworvnlioiis to main¬ 
tain n hydrogen ntninsplicro through tlio neck of the 
calorimeter mill tlio ennncoled measuring lubes. 

|lisle of solid air in tin- calorimeter neck is thus obvi- 
u ted, A si in | ihi luruiigcincnl of a three-way cooling 
vowel allows lids to ho manipulated. 

Thu vomhoI V ooiihLIh of a glass tube 8 cm. 
in diameter and FI am. long, upon at tlio 
bottom and provided with a wido T-pieoo at 
the tup. Tlio luho is iiwnwincil to tho neck 
in water in a glass iiyliudor, and is counter- 
poised by a weight and tuml limning ovor a 
pulley just above. It i« thcroliy readily 
mim'd during tlio Mmo gus in being ovapimtled 
from tho uttkiriniutor; Ibis ensures that no 
liaoh pressure is produced. Ono arm of the 
T-|iinc<i is upon mul oonnccdn to the stopcouk 
I) mi tho crnlorimotor nook} the other is 
provided with imothor small stopcock ami 
rinineofH to a 200 -n.n. gas bu ratio W similarly 
ijmiieiscd in wider, This latter stopcook ia 
dom'd while llm gns ovapnrated during an 
experiment in cotleoted, 

TIipko arrangements urn necessary to hcouvc tho 
minimum impediment to the evaporating hydrogen, 
which Is iiBSiidly evolved in low tliau 10 seconds, nay 


temporary back pressure being fatal to eoncor-tl* 11 * 
results. At least If) seconds are. allowed for noil*'*" 
ing tho gas given otf, ami even longer, in some ea t "' ; "' 
witli badly eonductiag bodies, 

As far as possible tlio materials used worn t *> l H *' 
ia tho forms of spheres about 8 mm. diuincf ‘ 

In tho case of liquid bodies, tho mould 
first cooled by liquid air. Frequently liq U* 1 
wore frozen into solid cylinders in thin 
tubing, and pieces cut off after removinps * 
glass mould. Tho metallic matorinln r-i ’ 

in some cases fused into buttona of convon i 1 * 
weight in ail exhausted quartz tnlio, 
lead, however, of which many piecos ’vV< ! J t | 
required, was cut from rod, and suliHcquot»*-■ 
squeezed in a small sjihorical mould. 

Volatile bodies were weighed at it, h 
temperature on a light Gorman Hi Ivor .1 * 1111 
supported by a thin platinum wire HUHpemd' 111 
from tho balance pan about 2 cm. nluivo t 
level of liquid nir contained in a wido < t **«*1 1 
vacuum vessel. Some materials would 11 * 1 * 
make coherent hullots or oast sticliH, and fli'’'"’ 
wore filled into very thin-walled aylimll i*’ 11 • 
inolal capsules. 

In order to obtain consistent rcmiltn IL 1M 
lioocssary to employ exactly tho huiuo jn’ 1 ’* 
ooduro in each test, bub with thin uii|>iirjtt-'»»i 
Downr was ahlo to obtain results wliicdi m mly 
varied among themselves by more Ilian ~ **■“ 
3 per cent. . 

Tho data thus obtained for tho mean hikh'iB” 
heats of 53 clomonts at about 50° iiIih. tiro 
summarised in Table V. 


Tabi.h V 


Rlcmonl. 

Atnnil" 

Welfflit. 

Hi ied tin 
llC-.ll. 

Al- 

It 

i*U. 

Lithium ..... 

7'till 

0-11)2-1 

i ■ 


(llucimim. 

01 

0-0137 

t»- 

1 i£V* 

Heron. 

11-0 

0-0212 

ii - 


< 'arlioii (Aoluwon graphite) 

12-0 

0-0137 

«>• 

l»l 

Diamond. 

J2-0 

0-0028 

(I- 

03 

•Sodium. 

23-0 

0-lfi It) 

A- 

Ml 

Magnesium .... 

24-4 

0-0713 

l 

71 

Aluminium .... 

27-1 

0-0413 

1 

1:» 

Silicon, fused, clc-o. cruc. 

2B-1 

0-0303 

n 

>m 

„ orystulliscd . . 

2R-I 

0-027 J 

<>• 

7 7 

Phosphorus (yellow). . 

.711) 

0 0771 

A 

■Jc» 

i, (red) . . 

31-0 

0-0-131 

1 

:* l 

Sulphur. 

32 

O-OfflO 

1 

77. 

Chlorine. 

35-45 

0-01107 

rt 

-i :t 

Potassium .... 

30* Iff 

0-1280 

n 

411 

Calcium. 

40 1 

0-0714 


HU 

Titanium. 

48-1 

0-0205 

4) 

-Di» 

Chromium .... 

r.2i 

00142 

t» 

-711 

Mnnganoso .... 

nr> 

0-0220 

(1 

■W4I 


55-o 

0-0175 



58-7 

0-0208 

1 


Cobalt...... 

r.o-o 

0-0207 

1 


Coppor ..... 

<13-0 

0-0245 

I 

•/•ill 


OB-4 

0 0381 


'fill 


75-0 

0-0258 

1 

Shi 

Selenium ..... 

70-2- 

0-0301 




i 
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Taiiln V —continued 


Kliuumit. 

Atomic 

Wl!l«lU. 

Sl'i-clflo 

llwit. 

At mute 
Kent- 

.Bromine. 

71MN) 

o-oin:i 

302 

Rubidium .... 

Hod 

0-0711 

a-on 

■Strontium, impure . 

H7« 

0-0550 

4-82 

Zirconium . . . , 

non 

0-0202 

2-38 

Molybdenum .... 

flfi-0 

0-0141 

1-30 

Hntlionium .... 

101-7 

0-0100 

1-11 

Rhodium. 

1030 

0-0134 

1-38 

Palladium .... 

too-ft 

0-0100 

2-03 

■Silver. 

107-03 

0 0242 

2-02 

Cadmium. 

112-4 

0-0308 

3-40 

Tin. 

110 

0-0280 

3-41 

Antimony .... 

120-2 

0-0240 

2-80 

Iodine. 

] 211-1)7 

0-0301 

4-50 

Tellurium ..... 

127-0 

0-0288 

3 -08 

Caesium. 

132-0 

0-0613 

0-82 

Barium, impure . 

137-4 

0-0350 

4-80 

Lanthanum .... 

138-0 

0-0322 

•1-00 

Coriii m. 

MO-25 

0-0330 

4-lit 

“ bidymiuin " . . 

142 

0-0320 

4-03 

Tungsten. 

184 

o-oonn 

1-75 

Osmium. 

101 0 

0-0078 

1-10 

Iridium. 

103-0 

0-00fl() 

1-02 

Platinum. 

11)4-8 

0-0135 

2-03 

Cold. 

107-2 

0-0100 

3-10 

Morouvy. 

200 

0-0232 

4-05 

Thallium. 

201-1 

0-0235 

4-80 

Lead. 

207 

0-0240 

4-00 

Bismuth ..... 

208 

0-0218 

4-54 

Thorium. 

232-ft 

0-0107 

4-58 

Uranium. 

238-ft 

0-0138 

3-30 


The interesting fact discovered in tho 
course of tills investigation wan that tho utomio 
boats wore porlodio functions of tho utomio 
weight, and tho curve resembled, generally, 
tho well-known Moyor atoinio volume for the 
solid state, k. o. 

CALORIMETRY, METHOD OF MIXTURES 
§ (l) Intkoduotion. —Calorimotrio apparatus 
assumes the moat cUvotho form, each typo char¬ 
acterised by certain foaturea, which adapts it 
especially fur a particular el ass of monHuromont, 

For the determination of the moan specific 
heat of a substance over a range of temperature 
or for tlio determination of the heat of com¬ 
bustion of a fuel tho Method of Mixtures 
is a convenient ono to omploy and is probably 
tho best known of all calorimetric methods. 

§ (2) Tim &1 kt iton of Mixtijiikh.—'T ho prin- 
ciplo of thin method is to impart the quantity 
of boat to bo measured to a known mass of 
wator contained in a vessel of known thermit! 
capacity, and to observe the rise of toinpom- 
turo produced ; from which data, as explained 
in dotail farthor on, tho quantity of heat can 
bo calculated. This method is tlio simplest of 
calorimetric mothodH, but ic not Hie most 
accurate. Heat is lost in transferring tho hot 
object to tlio calorimeter, and although it win 
bo minimised by arranging that the transfer 


takes place rapidly, it cannot be eliminated or 
evon accurately allowed for. Some heat is 
lost when tho calorimeter is raised above tho 
temperature of its onoloaiu '0 ami before the 
final temperature is reached. This can bo 
roughly estimated by observing the rate of 
change of temperature and assuming that tho 
iieat loss is directly proportional to tho 
duration of experiment and to the average 
excess of temperature. Tho accurate* deter¬ 
mination of this correction is of fundamental 
importance in this method and a detailed 
discussion of it will ho given. It is always 
desirable to diminish the loss of heat as much 
as possible by polishing tho exterior of tho 
calorimeter to diminish radiation, and by sus¬ 
pending it by mm-conducting supports inside 
a polished case to protect it from draughts. 
It is also very important to kcop tho surround¬ 
ing conditions us constant ns possible through¬ 
out tho experiment. Tins may ho secured by 
using n large water-bath around the apparatus, 
but in experiments of long duration it is 
advisable lo use an accurate temperature 
regulator. The method of lagging tho calori¬ 
meter with eotlon-wool, which is often re¬ 
commended, diminishes the heat Iohs con¬ 
siderably hut renders it very uncertain, and 
Should never lie used in work of precision,since 
Uto had conductors take so long to reach it 
steady slate that tlio rain of loss depends on 
tho past history more limn on the temperature 
of the calorimeter at tlio moment. A mi n o 
serious objection Lo the use of Ingging of this 
kind is tho danger of its absorbing moisture. 
Tho least trace of moisture in tlio lagging may 
produce serious loss of boat by evaporation. 

Kegnnult about 1H«K) maiio u careful study 
of tho Method of Mixtures, and by skill and 
attention to dotal! he obtained by means of 
it a valuable series of thermal data. It is 
only within comparatively recent years that 
any material Improvements on Rogmiult’s 
apparatus havo been oiToetcd. 

§(‘l) Theory of Method of Mixtuiies.— 
lb will ho assumed that tho cases under con¬ 
sideration are those of solids and liquids, 
Tho determination of the specific heats of gases 
requires especial consideration and is dealt 
with in a separate section. 

IjOtM — inass of honied body, 

temperature of heated body at tlio 
moment of its immersion in tlio 
water of tho calorimeter, 

W ~ liiiiss of water employed, 
b-temperature of water when tlie body 
iH immersed in it, 

T": temperature when tho thermal equi¬ 
librium is established between tho 
body and tho wator, i,c. when 
temperature of water erases to 
rise {or sink if the body was cooler 
than tho water). 
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(«) 


Now if h--- im.'itu npouilie honk of water be¬ 
tween 'I* anil f, ami H -specific boat of the body 
between 0 anil T, wo got 

MM(fl ™T) W«(T - 1 ), 

, u W.i(T-l) 

*" ,<1 11 • M(H ■!•)• • • 

Thin givos the eidorimolrio equation for (.ho 
method of mixtures in its vary simplest form ; 
fur pmctlitinl work lug several onnoclions aro 
nceeamuy. 

(i.) Fur W wo must substitute nnothor 
magnitude W 1 mudi that W t aW+mass of 
willin', having tho same boat capacity ns con- 
Lainin};; vessel, stirrer, and all purls whoso 
tcinpomluro is noriinmly affected : 

I.t„ if n r:-. muss of mala! rosorvoir, stirrer, oto., 
ami fl, ••nuian specific heat of this metal 
between T and l, 

W 4 «W+A 


and in tiiin ouho equation («) hocomcn 
_W lS (T-f) 

" " M(tf--T) * ’ ‘ 


(l>) 


HmiMitlmoH tho substance has to bo supported 
in a rouoptmilo, ami if wo put a rs water* 
oiiuivulont of hmoIi rocwptaolo ntul taking s ---1 
within tho limits of tho experiment, wo got 


W,(T-()_,« 

° M(«-T) A' ‘ 


(o) 


Wiioro tho results aro to ho ns noourato ns 
possible), equation («) lakes a nioro complicated 
form. In mhlition to tho magnitudes already 
represented, wo liivvo to take account of tho 
thormiil oapacity of tho thermometers, oto. 

In addition to thoso oorrootiunn doponilont 
on tho nature of tho vnrioiia parts of tho 
apparatus, thoi'o is tho cooling norrection for 
t]in loss of liniit from tho ouhiriniotor to iis 
mtm mm lings. 

jj(l) idoilMICN AlTAKATU» KOH TUB MkTIIOO 
or jMixtoiikh.- -Tho uonijilolo outfit required 
for experiments with tho method of mixtures 
coiihislH of tlio following elements, which will 
hivconsidered individually: 

(l.) The oidnrimotrio vessel and tho dovico 
for mixing tho ooiitonts. 

(ii,) Tho jnokot enclosing tho onlorimotor. 
(ill.) Tho thormomolor for measuring tho 
lempomliiro rise of tlic wator. 

(lv/) Tho nppllnnoo for heating or cooling 
tho charge (in specillo heat determinations). 

§ (5) (UMUIIMliTBll AND KtIIIRBII. (!.) The 
(Jalorimetcr, — 1 Tho enlorimeler is usually made 
of pnm copper, nlokol plnlod and polished so 
ns to reduce radiation to a minimum. 


Tim mho of a vacuum fnokel iih n oatorl motor is not 
to ho recommended for ordinary work. Undoubtedly 
It Is possible by moans of it to mduco tho mngniludo 
of tlio cooling ride, but this advantage is nioro thnn 
coniilovbiilanaed by llio dlBudvantagOfl ot this form 


of container duo to its brittleness, tlio big of *! |tr 
portions of tlio glass walls above the surface of 
water, thcdiflionltyof ascertaining its heat ei|iiivu ® t>l 1 
unci of keeping it constant. 

Undor certain circumstances tho use 11 ‘ 1 
water or other caloriniotric fluid becomes ' 111 " 
practicable. Ilenco somo investigators lui\ l " 
employed as ealorimotor thiok-wulled met si U l “" 
cups and trusted to tho iiigli coeflieiont of 
conductivity of the metal to equalise * 
loniporature. Tiiese. specialised forma of on 1 < ,r * * 
motors are described Inter. 

(ii.) The Stirrer .—SUrrors vary coiisidonv) ■ l. v 
in design according to tho spceilic pnrf»* , '* t ' 
for which they arc required. A ty|)i‘ >Jl * 
form is illllHtrnted in Fig. 1 ; hero J1 
serow is omployod for stirring tlio conti**'* *'*• 
Tlio vessel is eoiistruoted with nil c/d - shttl > 1 " 1 ' 
eross-seotinn, tlio stirrer being contained i 11 1 *• 
to bn which is commoted 
with the main tube at tho 
top and bottom, Ily this 
arrangement it is possible to 
ensure a steady circulation 
through tho calorimeter, and 
it is advisable to direct tlio 
stream ns smoothly as pos¬ 
sible by suitably curved 
passages. 

In tlio design of suoli a 
calorimeter particular at¬ 
tention must bo given to tlio 
provision of wide passages for tho «ivmdn.li«m 
of the water and care taken to avoid an fin* 
us possible) dead spaces. It might bo i'«'~ 
marked that this method of stirring has I mmi 
found to ho tho most reliable for «oinpiu.l»'« <i» 
baths for mercury thormoniotors and is iiitit'lt 
suporior to a plain screw in a vessel of llqnl*l. 

White 1 adopted a somowliat slmilnr form 
of onlorimotor for his experiments on •-!*** 
spcolllo licat of silicates at high tompumlii res. 
The charge, contained in a platinum omul I iU% 
was dropped directly from tho furnuoo into fit* - 
calorimeter. 

It will ho olisorvcd from Fig. 2 limb lln> 
cover W is In actual eoutaot with the \vii,lor 
to ensure temperature cqnillhrium. Tho nil* 
milar space undor tho cover permits the wu lor 
to vary somowliat in amount without over¬ 
flowing or fniling to wet the cover, vliilo tin* 
weight of tlio cover (70 grin.) provent-« It 

from being floated out of tho place when I )ii< 
wator is high. An approximate preliiniim ry 
adjustment of tho amount of water is of c« »ia 
ncoossnry, and is very easily obtained. I'l vtij* - 
oration through tho joint is about 7 mg. on 
hour, which is not likely to produce npprooi«;i »l*, 
error. An oil seal gives very little troi.il>!**, 
and is usod whore maximum aooumtiy 
dosirod. 

* " Some Cnlorlmotrlo Apparatus," Pfiu. Jt** 
Doc. 1010, xxxl, No. 0. 
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(h) AIhoi lii'il nmisluro if llm surface w hygroscopic. 

A liii'iiishcii copper Hiirfiicn 1(H) cm. Bqunro in #im 
will absorb 7 inilligmniK of water in a unlimited 
ulinospliorn nl ordinary tumjioralurc, whilst ft mirfnco 
of [Hiliiil icm! niolcol of the samo ni/.o uiwl uuclor tlio 
Hftino <!niuliUonn will not absorb ns iniioli as 0-1 
milligram. lienee it in always advisable to provide 
t!n> calorimeter with n lid, although it will bo fount 1 
that In elii«o tho calorimeter olfcolivoly the ndilitioii 
of a lid c:i> in plicate* llio construction. 

Kvcn with tho Himplc.it form of apparatus a 
imlmtimtiiil improvement in produced by providing 
a liil of very thin metal having a Blot to allow of its 
lining removed for liio introduction of tho hot body 
without dmturbing the thermometer. 

§ {<}) Tub Jaokkt huiuioundiko tub C.vr.o- 
lUMBTiait.—White 1 (luring tho course of iris 
extended roHonvolies on tho specific heats of 
tho silluntoH lias dovoted much attention to 
tho design of bins 
unUirimutrio np- 
pnratuH o m* 

|W ployed. 

One form of 
jacket for main¬ 
taining a constant 
tompomturo on- 
ulomiro around 
tho calorimeter 
which ho lias (lo- 
Boribed to shown 
in Fig. fi. Tho 
jnokot is shown 
in Hoolion and 
also in top view, 
partly op on. 
Water is hold up 
in tho two halves 
of tills covor, anil 
i n tho u p p o r 
1 ,, U( f( scotiim of tho 

T.n.1 mi wlilni. tlio top hIIIi'h ; "‘“‘’’T ** 

g aHirer pulley; 0 , groove for atinosphciio pres- 
imsHiigo of tlionnnuliiclriu tlior- HUro , On leaving 
moimitor; AY, water level. tho ]m)1 , 0 l| 0V tho 

water divides and passes no urns through tlio 
Ihreo upper passages, anil then votnrns through 
tlio lower space. Its circulation is direotod by 
blm partitions T and Q, of which 0, runs nearly 
tlio wholo length of tho tank outside tho 
oliiunlior, ns shown by tlio dotted lino. Tho 
chamber is opened by moving tho covers 
uhLiIo ; tholr down-turned onila llion movo in 
tho troughs loft at tho ends of tho tank. Tho 
covers slido upon tho stout rod T. Tho pulley 
tm< tlio calorimeter Htirror, and tho wliolo 
jnokot stiiTor, arc homo on one half cover. 
This half is clumped firmly in placo during on 
olisarvatioii i moving aside tho other fully 
exposes tho calorimeter opening. 

(i.) Method of supporting Ike Calorimeter.— 
Hunt transfer between tho oahmmotor and 
ils jnokot may talco placo In four ways— 
1 Loo, cit. 


by conduction, convection, radiation, 
evaporation. The object of applying the no* ** ' 
ing correction is to cliininnte this boat ,! + f 
from the final result. 

Whilst in practice it is not ncocssnry * ' * 
study these o fleets separately, it might bo 1 ’ t ‘” 
marked that under ordinary c:ondHiim» 
greator portion of tho heat transfer ia dun I' * 
convection and air conduction, tho two togoll 11 
constituting about 80 per cont of tlio total- 
It is advisable to reduce the trnmdor 
thorinal conduction through tho supports* * * 
the calorimeter to a minimum sinejo it 
stitutoa an uncontrollable source of error. 

Consider, for example, the case of a I'lil** 1 ' 1 ' 
motor supported within tho onoliisiirn <>** 
shoot of cork or rubber. When tho ealnrim*’!*'■’ 
and ciiclosui'O arc at two steady temporal;*.* i' 1 **'* 
tlio heat transfer is, by tlio laws of conduct*' 
proportional to tlio tom porn lu ro din'erenen ; 1 ’« 

howovor, tho temperature of tho anhnimo t «**‘ 
is changing rapidly tlio rate of transfer in i»“‘ J 
oven approximately proportional to tho U** 11 " 
poraturo difforonco. 

The following is a discuKsion of this hiiii*'*** 1 
of error by Dickinson: 9 

Since tho conductivity <*f such nml»rii»l« » s ‘ 
always small, compared with that of * J 14 ' 
metallic sheets in contact with thorn, 
tompomturea of tho surfaces may bo 
for tlio piu'iMisos of this dismission, ns up|*r*** i* 
inatoly tho same as tho measured lompomt.iiron 
of tho oalinimotor and tho jacket lUHjionUvt'ly. 
Tho distribution of tompmutimi in such a hi.vt*r 
and tlio rnto at which heat is leaving tlm 
oalorinietor at any time may ho them 
mined from tho following considerations ; 

A sheet of material of Ihleknoss c bomidol * '.V 
piano surfaces * 0 nlu! a 'i ,H biilmlly at tompumlurc «*„. 

If .r^ ami 0 0 live each taken as 0 for ennvoiiciiiH*. oii'l 
tho temperature of one of the surfaces lu IImui 
caused to rise from 0 0 to 0 r in such a way tluvt 
0«0'(l-e'~ n, ) > the tompemtuvo distribution it* *lil*» 
plafo is given by tho following equation : Si 

x , 4 2 , mirx 

L aln r 

{m " x > !’ 

Whore a 9 In the tliermomctrlo conduotivity ». >f l!i«: 
material, F(0 is tho temperature of the face ,v t ~*r. 
talieu hero an 0'(l-.e clt ). 

Tho point of interest In tills dismission Is Un* r,i|i> 
at whioli hent is leaving the oalorimotor ub any t i»*n>. 
nB tliiB (lotorminea tlio value of the emisHivll.v >r 
the portion of tho surfaoo in question. If **' nml 
o are each made unity, aiul tlio above oxpiVHnii »i * f„r 
0 is differentiated with respect to x, tlio following 


» '‘Combustion, Calorimetry, and tlio ... „r 

Combustion of Cano Sugar, Bonzolc AcUl, itjot 
Nnplithnlcno,” Sci. Payer Bur. BUltt., n'l- l, No, 

"^ hyerly, Fourier's Scries and Spherical UantUft* ire, 
D. HO. 
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oximnwinn for l.|„, temjwnitiirc gradient at any point 
m thn niiilonul w found: 1 


V) 

-I- 2^(- 1 )w t?ci pi nnrxie ~ tc >- e ~w « 

1 

'I'lin mirfuon .i:-l is Mm surface in contact with tlio 
eulorinictnr, so Unit sulmtituliug thin V ntuo of .r 
and tlio apprnprlnto values for »> nml a, tho above 
expression gives Uio lompomturo gradient in tho 
material in oontaot with tho calorimeter, wliioh is 
proportional to tlio factor k for this jiortion of tho 
smTueo. 

Ah an example allowing tho oft'eot of tliis kind 
of distribution of nuitorinl. suppose Hint tho cnlori- 
metor rents on a hIiccL of ebonite 1 om. tliiok 
imd tlmti tho temperature in tho calorimoter 
riHc.i quite approximately nocording to the relation 
0- 0r--’(l-fl _<4< )(0 l -0 ( ) 1 where a^O-03 1 «nd 0, Op 
nml «, represent, respectively, tho tomporaturo nt any 
time, the initial, mid tlio final temperature. Tho 
value of n a , tho thorinomolrio conduativity, for 
olmnitoiH approximately 0-001 in C’.CJ.K, unite. These 
qiiiiiititlert mi inti lu ted in Uio abovo equation show 
that after (10 seconds Uio rate of heat loss in 2-75 
limin its final value, after fi minutcH tho rate in 1-13 
tiini'H the final value, and only after 10 minutes does 
it come to within I per emit of its final value. If 
the area in eon (net with tmoh a, hIicoL were a consider- 
nliln part of the whole nron of tlio calorimeter, tiio 
error inlrediieed from thin oiuiho evidently would ho 
n very xerimiH one. Suoli a distribution of mutcrial 
iih here dismissed will nlmi have an eifeut on Uio heal 
eapaeity of (lie ealorimoler. 

'J’liin (IlHiiiiHHiori allows Hint all noil-conducting 
supports should lie negligibly small, or, eiuao tho 
thermomolrlu oonduelivity u'-HC/c/., tho absohilo 
ttonduellvily 1C divided by tlio specific bent (c) and 
density (p), the ninturinl used for them sbould luivo a 
small density and spneillo bent. A form of support 
should therefore ho employed, in which tho smallest 
possible iihihh of insulating material fs useil, with (ho 
smallest possible, area in oontaot with tlio calorimeter. 
Thu mass of snob support* run readily bo mndo 
negllgihlo coni] in red with that of tlio calorimeter. 

(ii.) Snp/mrla inul Space between Calorimeter anil 
Jacket. 'I’n reduro errors due to tho nbovo enuso 
to a minimum IHoliiusmi 8 employed tlio following 
arrangement of imp]s>rtn for Ids ealorimoler. 'J’lio 
mijipoi'tlug pleue:i (I luce in number) are each made up 
of n liina'i none noldered to the bottom of tlio jnokal, 
and a iminll ivory tip nluait 2 mm. in diameter 
cumuli tod into the end of tlio cone and resting against 
small plates (nun with a hole, mm with a slot, and tlio 
Mill'd piano) on the bottom of the calorimeter. Tho 
thermal mmihtullvily of the Ivory tips Is ninail, and 
their total iiiiihh is not overt)-1 gin., so Mint lheir eitcot 
on Uio cooHiig rale is too nnmll to bn significant. Tim 
lmiss lames, while they have a considerable mass, 
have a heat unndllctivily mi great compared with tlio 
amount of heat which they cun receive by radiation, 
uonvceliim, ele, (uls.nl IKMH1I calorie per sqimre 
ceilUimtlro per second ].er degree teiiiperatnre differ, 
enee), Dial lliolr temperature is at all limes memoir- 

‘ Value found hy experiment l.y Dlukhisnn for Ills 
eitlorliueler. 

a Luo. oil. 


ably Hmt of (ho jacket) hence their effect is entirely 
negligible, both as regards cooling rate and heat 
oapaoity. 

(iii.) Ileal Conduction alone/ the Stirrer. —Tho steel 
stirrer shaft which enters the calorimeter sliould end 
just above it in a thin rubber sleove, which should 
fit tightly over it ami tightly within a larger steel 
pieco coupled to tho driving shuft. It is evident tha t 
smeo the heat conduativity of steel is ninny time 3 
greater than that of the hard rubber sleeve, tho 
temperatures of tlio two metal parts will remain 
very nearly the same ns tho temperatures of tho 
calorimeter mid tlio jacket respectively. Tho heal> 
capacity of the rubber sleove, somo of which should 
he added to Hint of the calorimeter, is insignificant-. 

§ (7) Method or oat.cueatino the Coomnci 
Cohuectjon, (i.) Rumford. — Rmnford wan 
tho first to introduce a inofchod of correcting 
for the heat loss from tho oalimmotor. I-Iis 
procedure was to mnko a preliminary export- 
inont to nscortain approximately what tiro 
rise of temperature would be and then to 
cool the calorimeter half this number of 
degrees below tlio tomporaturo of tlio surround¬ 
ing atinoaphoro before tho next experiment. 

For oxamplo, let 

Teinporaliiro of atmosphere = f°, 
Approximate inoienso= 20 . 

Tho oaloiiinotcr is cooled to (< - 0)°, and tlio 
heated body thou introduced : tlio maximum 
tomporaturo will bo approximately (<-|-0)°, 
and .Rumford 'h idea was that tho amount o£ 
heat gained by tho calorimeter during tlio 
timo its tomporaturo was below 1° will oxuolly 
ooinponsato for tlio amount lost by it while its 
lompomturo was above 1°. This is approxi¬ 
mately true, but not quite so, owing to tlio 
fact that tho rate of increaso of lompomturo 
diminishes very rapidly ns tho heated body 
and tlio water appronoh thermal equilibrium : 
thus, it may happen that tho riso of tompora- 
turo from (l-0)° to l 0 will ocour in loss tliaii 
20 soconds, wliilo tho riso from 1° to (M- 0)° 
will occupy over 100 soconds. 

(ii.) Arithmetical Method of computing Ural Loss .— 
A far more acmiruto, hut not nearly so easy a niotlmil 
of correction is tho following : < 'mil the ealoi'iaietel¬ 
se vend degrees below Uio onulosm'o and lulu, very 
careful reiuliugs at intervals of about 21) second h 
before and lifter tho introduction of tho iiot hotly, 
and also after ' tlio establislinieiit of thermal 
equilibrium between the hot body nml tlio water. 
Lot 0, II x . On, . . , 0 n lie (ho temperatures of the* 
cnlnrl motor at Uio lipglnning and at tho end of in. 
periods of, nay, 20 seconds each before the iutm- 
(liiotinu of tho hot .body. 

T.ol i, f a f (1 , .../m lie tho tempemtures for n 
periods of equal duration after tho introduction nf 
the hot body up to Mu. esUiblishment of thormul 
equilllirium between tlio Imt body end tlio water. 

Let 'l', T„ T a . . . T r bo the temperatures for* r 
siniilar periods after tho cstiililishment of t-hornuvl 
equilibrium : („ nml T uro virtually the muue. Tim 
turn porn lu re I should not bo taken from Uio reading 
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of tho thermo motor, bub should lio calculated us 
follows! 


During Uio first interval after tlio introduction 
.of tho heated body tho moan tcinjiemtfinj of tbo 
oalorimetor has been t \ ««d if ire put 

v for Dio oha.ii/’o in tho temperature of Die onWi- 
motor duo to its surroundings >vo got for Dm first 
Interval 


to its maximum valuo, tho heut If 
accounted for if tho toinporatuio iH < 
which tho body would luivo attnini 
bad boon no loss. Tho coiTooti" 11 I 
na follows: First make a sorion < •! 
mods of tlu> tompomturo of tho \vi 
caloriinotor, beforo and after thi> 
dropped in, togethov with tho tin 
plot them graphically on a luffto t 
Fig, 0. Five or ton contimotron l 




where a and ,v have lo be calculated. For tlio second 
interval wo have 




wlioro« and have tho name values na in tho expres¬ 
sion for v t . Finally, 

/"fn-i'lbi .A 
14 a 2 ■ > 

so (hat botwcon l and /« 

«« (~~ n - -id,+f, + t - nxj . 

Tbo values of « and a) arc found in tho following 
way s Lot ip represent tiio menu tompomturo of tiio 
caloriinotor beforo the introduction of tiio hot body, 


v l)-»l 


so that tbo mean valuo of betwcon 0 

and dm; and putting <p, for mean toniporaturo after 
establishment of thermal equilibrium, 


</'!' 


T+T,+T # + 


1-l-r 


and Dio moan valuo of 

Nall( | *' 

m r 

From tbo two equations - A , )«ndw'=a{(/i|- k) 

v-v' 

we gob 


a 


and 


•h't’i ■ 
xJfkzf^L 


from which 2i> can bo calculated, and lionoo tlio 
corrected valuo of tlio change ot tomperatnro of tho 
cafuiiinetor. 

(iii .) Graphical Method of deducing (he Ileal 
Loss ,—A graphical method of computing tlio 
oooling corveation la duo to Rowland. 

(a) Howland's Method A—Insfcoad of finding 
the number of heat unite lost by tlio body 
while tho tompomturo of tbo body is rising 

„ * “On the Mechanical Kqnlvulmifc of If rat, with 
Subsidiary JtesenrelicH on tho Variation of tho 
Mercurial from tins Air Tiionnomulor, mul on tlio 
Variation of tho Npeciflo Pent of Wi, ter," Proccedhm 
of the American Aendemn of Arts ml tirienccs, J880. 
xv. 70-200 ; also Physical Papers, p, 402, 



ai’o sufficient, wiled is tlio p 
tompomturo of tlio wntor of tho 
tlio timo being plotted horizontal 
tompomturo vertically, (lontim: 
do until it moots tho vortical lint 
a horizontal through tho point 
point b, of tho ourvo, draw a t 
also a vortinal lino by, Jay If i 
and draw tho lino Jhk through 1 
which indicates tho lompomti 
atmosphere of the vessel huitc 
calorimeter. Draw a vortical jh 
point k. From tho point of imtxi 
A lino jc pamlloi to dm ,* wlioro 
will then bo tlio required point, 
riao of tompomturo, 

I oorreotod for all oool- 
1 ing errors, will ho If. 

This method, of 
oourso, only applies- 
to onsos whom tbo 
final tomperatnro of 
tho calorimeter is 
greater than that 
of tho air { otherwise) 
there will bo no 
maximum. 

(6) Ferry’s Method. — In fcl 
modification by Forry of HuWli 
this tomporatuio can bo obtain 
approximation by a simplest* ^ 
stvuo tion. 

Lot G ropresonfc the toinpoiMvtf 
roundings, and lot a body at « 
bolow tiioso bo given a quantity ( 
that its tompomturo rises to a \ 
Tho way in which tho temper; 
boforo tho heat H is added ] 
by tho lino AB in Fig. 7. Tlio ’ 
h‘>w tlio tomporatuio oh an go« v 
is absorbing tho boat If. J*V>i 
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Imdy is, in addition, ruooiving heat from the 
HUiTonndings, mid from (J to I) in losing heat 
to tlio HiiiToinnling's. Tho lino 1)10 indicates 
tlio temperature changes duo to radiation, 
ote., alono. 

Through (‘ draw a vortical lino. Prolong 
El) Imokwnrd until it mi la tliia vortical in /. 
Prolong A li forward till it outs tlio vortioni 
lino in h. Than tho temperature changes a.ro 
givon by hf. 

To koo that tho ahovo method of finding tho 
(loairod temperature in romionnhlo, consider 
tho following: If tho hunt II had not boon 
givon to tho body, it would havo continued 
to riso in tomporatiiro in tlio tuunn way that 
it was rising from A to .11, so that by tho 
timo it roally attainod tho tompomturo 
indioatod by 0 it wonhl liave roaohcd tlio 
tomjiomtnro indioatod by h\ that is, wJiilo 
tho body roally voso in tomporatiiro from B 
to 0 tho riso in tompomturo from II to h 
was duo to boat from tho surroundings, niui 
tlio vino from h to 0 was duo to a part of tho 
limit H. Again, if. tho body had not boon 
givon tho boat II, liut if it had boon at first 
at such a tomporaluro that as it cooled it 
roaohod tho tompomturo indicated by I) at 
tho sumo instant that it roally roaohod that 
tomporaluro—and thoraiftor ooolod as shown 
by RE—it would havo boon at a tompomturo 
/ at tlio instant when it roally was at tlm 
tompomturo Oj that is, while tho body 
roally rosu in tompomturo from 0 to .1) tho 
fall in tompomturo duo to radiation was tlio 
full from / to 1), so that if them had boon 
no loss of boat by radiation tho riso of 
tompomturo during this timo would havo boon 
from C to /. If, then, tiioro had l>con no 
gain or loss of boat by radiation tho body 
would havo rison in tompomturo tho amount 
indioatod by tho distance from h to /. 

Wliilo tho tompomturo of tiio body roeo 
from 0 to 1) it wns roally at a lowor tompomturo 
than if it had boon cooling from / to D, and 
bo did not really loso ns muoh heat by radia¬ 
tion ns lias above boon supposed. Hence, 
tho point / is higher than it ought to bo. 
For a similar reason h is also somewhat 
higher than it ought to bo. If tho timo from 
11 to 0 is about tho same ns that from C to 
I), those two orrors will nearly balance oaeh 
other. 

(iv.) Adiabath Methods. — To oliminato 
entirely tho nooossity for correcting for tho 
heat transfer botweon the oalori motor and its 
jaoltofc, T. W. .Richards 1 has ilovisod various 
forms of oalorimotors in which tlio bath 

1 Joitrn. Am, Ohem, Sac., JOOO, xxxl. 1275; 
Richards and Burgess, ibid., 1010, xxxil. 131 ; 
Richards and Rowe, Proc. Am. Acad. Arts. So. xllx. 
.173 ; Richards and Barry, Journ. Am. (them. Sac., 

] 1)15, xxxvll. 003; Machines and Brahain, " A 
Calorimeter for Measuring Heats of Dilution, 
Journ, /l»i, ('hem, Sac,, Oct. 1017, xxxlx, 2110. 


surrounding tho calorimeter is kept through¬ 
out tho experiment at an equal or equivalent 
tompomturo. This device has been found to 
be particularly convenient in experiments on 
beat of dilution, heat of reaction, and recently 
it has been adapted for fuel calorimetry work. 
The precise method adopted for heating tho 
jackot to lceop it in stop with tho calorimeter 
varies. Uiohnrds hns used the hent liberated 
by cliomical reaction of tlio samo character as 
that under test in tho calorimeter. For most 
purposes, howover, electrical heating is tho 
inoro convenient. It is usually necessary to 
liiako a few blank experiments to settle the 
rolativo values of tho current, so tho method 
finds its greatest field of application when a 
largo number of experiments havo to bo 
performed, Sinco tlio stirrer in tho calori- 
motor generates an appreciable amount of 
heat, it is convenient to keep tho tompora- 
tliro of tlio jackot at a tomporatiiro of a 
dogreo or so below that of tho calorimeter, 
so that tlio residual heat loss just balances 
that gonomted by tlio stirring. Whilst tho 
device cannot givo greator absoluto accuracy 
tlmn that in which a stationary jacket 
temperature is employed, it 1ms tho ad¬ 
vantage that tlio initial and final tempera¬ 
tures are stationary and bonce moro easily 
mcrtsumblo with resistance thermometers than 
would bo tho case if tho tcmpcmluro woro 
moving. 

§ (8) Thermometer for measuring tiib 
Temperature Rise of tub Water.— Tlio 
most gonomlly used instrument for tlio 
measurement of tho tomporatiiro rise of tho 
calorimeter is tho moremy thermometer, but 
in work of precision tho resistance thermometer 
is to bo proforrod. 

Exporionco 1ms shown that tho inhoront 
dofeots of tho moroury thcrmoinotor limit tho 
possible accuracy to 2 or 3 parts in 1000 
for a 2° riso of tompomturo, while with a 
suitablo resistance thormomotor outfit toil 
timos this ncouraoy may bo obtained, but 
of course it necessitates an oxponsivo equip¬ 
ment and moro labour witli tlio observations. 
For a disoussion of colorimetric moroury 
thermometers reference should bo made to 
tho articles on “Thermometers” and “Re¬ 
sistance Thermometers ” respectively. 

§ (0) Appliances for heating or cooling 
the Charge, (i.) Steam Healer .—Regimult 
in his extended sorieB of experiments used a 
steam-jacket heater to bring tho charge to 100° 
before dropping it into tho oalorimoter. His 
form of heater consisted merely of a boiler 
with a tube containing tho charge, mid on 
inverting it tho heated charge is dropped into 
tho calorimeter. White has modified tho 
Regnault heater to tho form shown in Fig. 8 
which is self-explanatory. IIo employs elec¬ 
trical healing, sinco then it is possible to 
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move the apparatus about without clanger of 
premature cooling, The apparatus is manipu¬ 
lated na follows : Just before discharging Iho 
temporary outlet is 
opened, the con¬ 
denser and thermo- 
elomont removed, 
the opening stop¬ 
pered, and lastly 
tho heating 
chamber unstop- 
porod and tho 
ohargo droppod 
into the cniori- 
nietor. The object 
of the shallow cup 
below the chamber 
Idled with con¬ 
densed water is to 
shield tho chamber 
against superheat¬ 
ing. White points 
out that tho usual 
practice of closing 
the upper end of 
steam heaters with 



corhs is defective, sinco the ends are left com¬ 
paratively cold, and consequently errors of 
the order of a few parts per 1000 may result. 

(ii.) Electric Fur¬ 
nace. — For heating 
tho chnrgo to high 
temporatures some 
form of electrical fur¬ 
nace is gonorally em¬ 
ployed,ns this permits 
of tho attainment of 
temporatures up to 
1500° C. It is, of 
course, necessary to 
ensure that tho fur¬ 
nace should give a 
uniform toinperaturo 
over tho region oc¬ 
cupied by tiro charge, 
and oxporiciieo has 
shown that tho sim¬ 
plest method of effect¬ 
ing this is to wind tho 
tubo uniformly, and 
over each end add 
additional coils cap¬ 
able) of independent 
control; then, by ad- 
tho relative 
values of tho current 
in tho main circuit 
mid tho supplement¬ 
ary coils, a good 
degree of uniformity 



Top (if 

Calorimeter extension 

Fio. ft. — Arrangement of 
platinum - wound Fur¬ 
nace for Experiments 
between Cfi(P and 
1500’ C. 

P, partitions to shield . 
m;nl list Hie cooling effect of justing 
Ihoeiulsnftliefiirnnrc; SS, 
swinging shield; L, Jnteli 
for dropping out the fur¬ 
nace bottom : MM, heavy 
wires for trio dropping 
current;; T, therm no lenient. 


can bo obtained. It might ho remarked, how- 
over, that tho ratio of the currents in tho 
oireuita which will givo uniformity at one 


temperature may not uecessariR apply to 
another, and consequently soparato experi¬ 
ments are necessary to determine tho best 
values for each point. 

In his work on the specific) heat of silica tea 
White employed a furnace with infernal platinum 
winding. This has Hie advantage of permitting 
of the attainment of higher temperatures than 
is possible with a winding on the exterior of tho 
tube, mid also diminishes the lag between tho 
coil and tho chamber, so that equilibrium is 
obtained with greater rapidity. This furnace 
[FitJ. ft) is mounted on u stout iron pinto with an 
air space beneath. An opening of &•& om. is cut 
through tho furnace bottom and pinto, which is 
closed by a plug of fireclay carried on a movable 
iron plate. This io held up against a large pinto 



FIG, 10.—Apparatus of Mnrminrdt Material and 
Platinum for automatically dropping the Plati¬ 
num Container, PtC. 


j,, mien; v, us uiicrum ; Mai, times, about -8 mm. 
hi diameter; \V, wire, whose pull unlatches tho ball 
of the container; CT. charge thermoelement; FI', 
furnace thermoelement: P„ I*,. shielding partitions ; 

H, furnaoo winding. Tho platinum tulio around CT 
In the container Is supposed to bo out away. 

I. 1 Is 2-3 nun. thick, MSI were covered with sheet 
platinum, which was part of tho cqnlpotcntlnl 
shield. 


by tho latch in suoh a way that a quick pull on tho 
latch onuses tho plug to fall away without tipping. 
Upon tho blook and inside the furnace chamber is a 
pedestal made up of threo fireclay partitions eaoh 
faced on both sides, except on tho side facing the 
crucible, with rolleotiiig disos of platinum foil, and 
supported by a light frame nmdo by grinding away 
as muolt ns possiblo from tho thin porcelain tube. 
This^ pdflestnl has two funotions. It protects tho 
oruciblo from Die cooling offeot of the furnneo bottom 
and it nlso snpports tho oruciblo during tho period 
necessary to renoh tho constant temperature. Plati¬ 
num is vory soft at high temperatures, and tho fino 
wires which support tho cruoible for an interval of 
1 second, whioh elapses between tho fall of tho 
°rcciblo and the pedestal, would have to bo very 
largo if they woro to hold for any length of time. At 
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0m higher tompomtiiroH tfio uppermost pnrlHioii in 
apt (o slick lo llic bottom of the oruoiblc, bonce it 
luth-d by platinum wire to the plato bolow, tlio weight 
of which is enough lo pull il luvay. AI>ovo the cru¬ 
cible another platinum partition is suspended. When 
tlio pedestal falls from tlio furnneo it is caught in n 
light wooden box, which can lie pushed out of the 
way, ttnrl at the same time switches oil the furnm-o 
ourront. 

The simplest method of Mipporliitg the charge 
in the furnace is to nso a loop of platinum wire and 
(use it Uy iv strong current when it is dewed In drop 
tlio charge into tlio anloriincter, This method was 
used successfully by Harkin' 1 in his experiments on 
fcfio specific heat of iron. 

White found some diflionlty with tlio fused wire 
method of making a release at tempera lures above 
1000° C. owing to tlio arcing which oconmcd across 
tlio terminals after the wire was melted. This 
ctillimilty could no doubt have been ovomomo by 
making Dio ourrent fnuo a longth of copper wire out¬ 
side the furnace the samo timo as tlio supporting 


wire inside. He, however, devised n mnimniciil 
drop for releasing thn charge. This wn’a made of 
Munpmrt emnpnsUloii, whicii is obtainable in I,ho 
form of lithe,s and plates, The eomplulo iirriiiigt-- 
meiit is shown in Fitj. 10. iSioitl, platinum wire of 
1-2 mm. in diameter wna njierated aiiloniutienlly to 
release thn container as the wooden shield of tlio 
furnace was swung on one Hide. This wan found to 
he generally witinfiliilory, lull many troubles were 
enmnmlcicd awing (o inmdlieient rigidity of llm 
anpjMirlvH, ooinbiiied with a too rapid awing of tlio 

uhiold. 

jj (10) Tut: fcii’Koiwo lliwvrs ok Sii.ioatioh 

AT li III 1 1 TBItirKKATHHH. .With tlio IlllOVO-, 

iloHorihod appum-lds White'- 1 him tiiinle nil 
oxtoimivo investigation of flto limit mpneily 
of vtirimm nilienlns at high tomynmtiin-a. Thn 
data obtained uro Himmi a rifted in Tiildo .1., 
front Avltie.lt tint “ iimtitiitmuMm " atom in limV-n 
liuvo l)t!t>it ouloiitiitcd by tlio pmmluro do- 
noribod below : 


Taht.h I 


Interval Mdan Atom io 1 Iritis 



(1-100°. 

0-300°. 

o-fidtr. 

0-700°. 

o-iioo". 

0-1100°, 

0-1300°. 

(>• 1 -100". 

Silica glass .... 

3-708 

4-272 

4-027 

-1 -870 

5-010 




Quart'/, .... 

3-7f>ri 

4-330 

4-78-1 

ft-112, 

r»-‘.U7 

5-3(18 



Cristobnlito .... 

3-784 

4-080 

-1-870 

5-012 

5-103 

5-2711 

5-351 

5-308 

AnorUuto. 

•1-070 

•1-503 

44)20 

5-144 

5-322 

5-472 

5-038 

5-730 

Andesino .... 

4-012 


4-857 

5 080 

5-2ti:i 




Alhito. 

3-000 

4.-470 

4-305 

5-030 

5-207 

5-31(1 

, , 


Microolino .... 

3-071 

4-474 

4-801 

5-031 

5-200 

n-332 

, , 

, , 

Microclino glass . 

4-073 

4-501 

4-020 

5-100 

5-337 

n-mo 

. , 

, , 

Psoudo-wollnstonila . 

4-200 

4-758 

5-050 

5-2511 

5-4011 

0-53-1 

5-(Mil 

5-007 

Mag. sil. amphibolo . 

-i-ODO 

4-024 

4-052 

5-182 

5-354 

0-400 . 


.. 

Mag, sil. pyroxene 

4-J03 

4-047 

4-007 

, , 



»■ IV,MI J 


Diopsido .... 

4-171) 

4-007 

15-021 

5-252 

5-425 

5-500 

5-(HI) 



T-tJir.u If 

“ ItffiTANTANEOUS ” OR Til OH MHAN ATOMIC HKAT.H, THAT JH, II RATH AT .PtWMItMNV THMI'MIIATUHKH 



0°. 

100°. 

300°. 

•100°. 

50(1°. 

(100°, 

700°. 

800°. 

001)°, 

I0U0°. 

1100“, 

1201)°. 

10(10“. 

Silica glass 

3-33 

•4-05 

4-05 

5-17 

5-35 

5-48 

5-58 

5-08 

5-75 





Quart/. 

3-37 

4-1 

5-1 


5-0 


5-4(1 

5-58 

5-811 

5-72 




(.'rintohalito 






5-ifi 

5-55 

5412 

5-87 

5-72 

5-77 


li-88 

Aiioi-Uiito . 

3-74 

4-30 

5-22 

5-43 

5-58 

5-(ill 

5-82 

54)5 

8-0-1 

INI 

tl-31 

(I-Ii-I 

8-82 

Andesino . 




t , 

5-53 

5-11(1 

5-78 

5-80 






Albite 

3-fll 

4-28 

5-10 

5-31 

5-4(1 

5-50 

5-71 

5-83 

5-01 

5-117 




Jlioroclino 

3-04 

4-27 

5-00 

5-30 

5-17 

5-01 

5-72 

5-70 

5-Hli 

5-1)2 




Miornolinn glass 

3-73 

4-38 

5-22 

5-44 

5-01 

5-75 

5-85 

5-05 

(ill 

11-04 




Woltiwtomtu . 


.., 







8-II 





lVuuhi-wollasLoiiito 

3-118 

4-58 

5-32 

5-50 

5-05 

5-77 

5-87 

5-05 

(1-02 

(1-10 

(Mil 

8-2U 

(1-33 

Diopsido , 

3-82 

-1-4(1 

5-32 

5-52 

MHI 

tV-R',1 

54)4 

i 

8-10 

U-17 

U-21 



Mag. ail,, amphibolo 

3-73 

4-12 

5 21) 

5-48 

5-02 

5-7(1 

5-87 

5-0(1 

(l-(l£ 

11-13 




Nenuit * lAudv.iniuin l 














formula for ailioa • 

, . 


4-05 


5-35 


5-55 


5-07 

5-71 

5-75 


5-81) 

glass ! 


















ijtmrt-y. at 550°, tV3. 







1 “,7'!'" Kpooino Heat of Iron at lllgli Tomiiern 
turcs, Proc. P/iya. tion. six.; Phil, M<t(i„ Oct. 1005. 
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1 “Nil lento Npceiriit Heals," Hi'eollil iierlrn, A ill. 
o/.S’nWin;, Jmi. HHti, xlvH. 
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For convenience the values are given ns 
atomic heats, but can, of course, be readily 
converted buck into specific bents by the use 
of the data given in Table III. 

Table III 

Mean Atomic Weights, on Molecular Weights 

DIVIDED [IY THE NuMHEll OF ATOMS, USED 
AS JIUI.T1M.IBHS TO HHDUC'K SPECIFIC HEAT 
to Wean Atomic Heat 


Silica. 

. 201 

('■fllcium inctusilicntc . 

. 23-27 

Jlngnofliimi ltielasilicato 

. 20-12 

Diopsido .... 

. . 21-70 

Anorthito .... 

. . 21-45 

Andcsiiie .... 

. 20-84 

Natural nlbito 

. 2033 

Natural inicroclino 

. . 21-23 

method of experiment 

gives tho mean 


specific heat over a wido range of tomporaturo 
and is not suitable for giving with accuracy 
the true specific heat, if this changes rapidly 
with tomporaturo, ns ia the case at vory low 
temperatures. At high temperature, however, 
the relation between specific and tomporaturo 
ia practically linear, honco it is possiblo to 
calculate tlio “ instantaneous ” or true specific 
heats with fair aocuraoy, ns follows : 

If tlio interval spccillo heat is sufficiently well 
ox-pressed by polynomial equations with ft constants, 
A + Utf-t-C£J a , oto,, where 0 is centigrade temperature, 
tlio total heat from 0° C. up ia Aft+BO’-t-CO 3 , etc., 
and the true specific) hent nfc any temperature, which 
is the differential of tlio total beat, ia A-+-2B0+3C0*, 
oto., so that tlio qimntity which must bo ncldcd to tho 
mean apeoifio heat to get tlio Iruo beat is 

110 +2C0* +8D0 3 -MEO*. 

But in n BOries of 4th-dcgrce polynomials eaoii first 
differeuco is 

BP-I-2CP0-FDF + +3iP(40 3 +0P a ); 

enoh 3rd ditTorouco is 01>l* 3 + 24El >3 0, where P is tho 
tomporaturo interval botwccii each two successive 
vnlucs in tho Dorics. It follows nt once that by sub. 
trading of tho 3rd difforeiico from tlio ln(, 
and then multiplying by 0/1*, tlio difference of Into 
and interval heats is obtained. The method is 
exactly equivalent to obtaining a aeries of 4th- 
clegrco equations and. thus computing tho Iruo 
speoifio heat, but is much caster. 

For quartz and silica glass tlio values of 
the interval apooifio heat to 100®, 300®, and C00® 
satisfy the expressions : 

Quartz 

0-1085 + 0-0001040 - o-onooooild 2 . 

.Silica Glass 

0-1070 -f- 0-0001800 - O-OOOOOO1250 2 . 

§(1I) Low Tka tr kkatithb Appliances.— 
Norust, f.imloniann, and Knref ‘ in their 

1 Neriist, bfnilcnmnn, anil Ifnref, Juiniriliclw 
Pmwi&che Akadcmic. tier Wit gen teiitiften zit licrliti, 
MzuimbencMe, 1DI0; Horel, Annalm dcr I'hysik, 
1011 (■!), xxxvi, 40. 


experiments nt low temperatures cooled down 
the substance under test in a quart?, vacuum 
vessel, through which passed a tube open lit 
both ends, aa shown in Fig. II. This tnho 
was surrounded by liquid air or 
a mixture of alcohol and solid 
C0 2 . Tho device is operated as 
follows: As soon ns the equi¬ 
librium of tomporaturo lias been 
obtained it is placed over tlio 
calorimeter. A slide is opened 
and tho contents, suspended on a 
tin-cud, arc lot down into tlio 
calorimeter. 

Instead of tho oxponsivo quartz 
vessel the following simple device 
may also bo used { Fig. 12), In ,, , ... 

a largo test tubo A is placed a 'v)|_ y. 

tube J, somewhat enlarged at tho ~~ I i 
bottom and cloaod at both ends Ftu. li. 
by niofliis of rubber atoppors. 

Insido of it is a ailvor vessel, witli tlfo sub¬ 
stance and tlio tliormoclomont suspended by 
a thread. Tho test tubo is immersed in 
the constant temperature bath. Tlio limn 
required to obtain tlio equality of tomporaturo 
may bo shortened by passing through a slow 
current of dry 
hydrogen, whioh 
flows into tho oulor 
vessel through a 
small channel in tho 
lower cork and then 
into tho nil- through 
tho cotton-wool, To 
bring tho substance 
into tho oalorimotor 
tlio whole dcvico is 
brought into tho 
neighbourhood of 
tlio oalorimotor, 
which is thou opened. 

Tho inside tubo J 
is rapidly removed 
from the teat tubo, 
tho hnvor cork taken 
away, and tho other 
ono slightly lifted 
so na to allow the 
oontninor to drop 
into tho oftlorimolor. 

Tho wliolo- manipula¬ 
tion tnkos about 
throe seconds. In 
that time tho sub¬ 
stance is only slightly 

warmed up. With liquid air, for instnneo, it in 
claimed that tho heat loss is hardly 1 per cent. 

§ ( 12 ) Tire Thermal Unit and the Varia¬ 
tion of the Speoifio Heat of Water with 
Temperature, —It is customary to express 
heat quantities in terms of the heat capacity 
of water for 1® change of tomporaturo, and 
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CALORIMETRY, METHOD OF MIXTURES 



to tho nickel • plated surrounding vessel li 
(Fig. lfi). The constant.™ supporting disc forms 
with the iron of the bomb the hot junction of 

a thermo¬ 
couple, the 
cold junc¬ 
tion being 
made be¬ 
tween the 
discs and 
the outor 
vosaol 1$. 
The E.M.F. 
generated by 
thotompera- 
turo of tlio 
bomb is 
measured by 
the millivolt 
. J'to. 10 . calibrated to 

JV, nfckol-Kiicd lioml) of Iron 3 J Wlos. rcnr i .n rout 
Inwelclit; K,K',twn constant an <lhrs J uu , . UiUt 
siildeied to bomb ami to nlckol-tilatcil in oaloricson 
coiifnirsnrroinullngvesselJl;0,quam tlio assumn- 
cn,cll,1 °- tion that the 

same weight of fuel is always burnt. 

The itiBtxniuout baft not yet been developed to n 
stage when it can bo used for routine tests, so vend 
sources .of error 
which influence 
tlio readings 
not having Icon 
eliminated. One 
important factor 
is tlio preasuro of 
tho oxygon in tlio 
bomb. Should tlio 
preasuro luo below 
that for which tho 
tantrum out liras 
been calibrated, 
combustion will 
bcoomo slower 
and beat loss due 
to radiation, eto„ 
will bo greater 
than that under 
normal con¬ 
ditions. A few typical ourves illustrating this nro 
shown In Fig. 10. 



Curve A, pressure of gas = J 00 
III. per Hij. Infill; curve It, press lira 
of R(is=” luOlb. per mi. inch; curve 
0, iirossuro of gas =» 200 Hi. per wj. 
inch; eurvo 1), pressure of gas 
™250 lb. persfj, Inch. 


§ (M) St’Kois'io Heat of Qaoes jiy the 
“Method of Mixvvkks.” —When defining 
tho specific licat of a gas it ia necessary to 
specify tho conditions under which the heat¬ 
ing takc3 piaco, since tho oliange of volume 
with tlio rise of (ompemturo is considerable 
under constant pressnro, and the thermal 
ctjuiviiloiit of tho oxtoranl work done during 
expansion is a largo fraction of tlio whole heat 
supplied during tlio oJtnngo of temperature, 
fforice in tlio case of a gits it is customary 
to speak of two specific bents: (l) at constant 
volume, and (2) at constant pressure. 

The earliest investigators to study tho 
speoifio heat of gases wore Lavoisier and La I 


Pincc, who employed n calorimetric method 
based on tho measurement of the quantity of 
ice molted. Later, Dclnrocho and Romrd 
made soino careful experiments in which a 
uniform current of gas, heated at 300° O., by 
passing through a tube surrounded by a vapmir- 
jneket, was cooled by passing through a spiral 
contained in tho calorimeter. Tho method 
was essentially that of mixtures, and most 
of tho subsequent investigators adopted this 
method with various modifications to meet 
special requirements. Consequently, tho pub¬ 
lished data are confined to tho menu speoifio 
heat ovor a wide range of temperature. Moro 
recently Cullender and his associates havo 
developed tho method of olootrical boating 
whioh permits of tho determination of tlio true 
specific heat. 

Amongst tlio workers employing tlio method 
of mixtures Rcgnaulfc stands prc-oniinont. lie 
brought to hear upon tlio subject his unique 
skill niul oxperienco of calorimetric measure¬ 
ments, with tlio result that the data ho ob¬ 
tained wore nccoptcil, almost without question, 
for tho following half-century. Thorn is, 
however, no doubt tlml tho results given by 
Ucgnaulb wore a little low, about 2-5 per cent, 
duo to an inaccuracy in Ids method of dolor- 
mining tlio heat conducted into tlio calorimotor 
along tho pipo through which tlio gas flowed, 
Without describing in detail Rcgnnult’o ap¬ 
paratus its essential features may bo briefly 
reviowed. 

Tho gas was contained in a largo reservoir, 
heated up by passing through a long spiral im¬ 
mersed in an oil hath, and thonco led to tlio cal¬ 
orimotor. Caro was taken to ensure a uniform¬ 
ity of flow of gas through tho calorimotor under 
constant pressure, and independent experi¬ 
ments wore mado to ensure that tho gas leaving 
tho calorimeter bad cooled to this temperature. 
Since it was assumed that tho temperature of 
tho gas ontoring tho calorimotor was tlio same 
ns that of tlio heater hath, precautions havo 
to bo taken to avoid loss of heat by the gas in 
passing from tho hath to the calorimotor, and 
at tlio same timo provent as far ns possible 
conduction of heat from tho bath to the calori¬ 
meter along tho conncoting tubo. 

The correction for tlio heat carried along 
this tubo, which was made of low conductivity 
material, was deduced from observations of 
tho chnngo in temperature of tlio calorimotor 
without tho gas flowing, This change of 
temperature is duo to tho combined effect of 
tho comlnation mid tho rate of heating or 
cooling of the oalorimotor duo to tiio difference 
in temperature botweou it and tho surround¬ 
ings. 

If AO is tho observed rate of change of tem¬ 
perature per unit timo, then AO is equal to 
A — 119, where 0 is tlio excess of tho temperature 
of tho calorimotor ovor that of tho room. 
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The term A corresponds to the heat non dueled 
through the connecting pipe from the heater 
to tins oalorimelor, and .110 to the heat loss by 
radiation, etc., from the calorimeter. Each of 
these terms corresponded to about f> per cent 
of the total energy supplied by the gas per 
minute. Itegiunilt measured tho constant A 
and 15 by noting tho rate of rise of temperature 
of the calorimeter before ami after tho gas 
had passed through it. Swann 1 has pointed 
out that an orror arises in assuming that tho 
heat conduction through the pipo is the samo 
when gas is Jluwing ns when no gas is flowing; 
in fact tho hot gas hoops up the temperature 
of tho pi[io in tho vicinity of tho heater and 
reduces the temperature gradient. The result 
is that less heat is conducted from tho heater 
into tho pipo when the gas flows through than 
when no gas is flowing. Of course a great 
deal of heat is conducted by tho pipo into tho 
oalotimotor when the gas is flowing, but tho 
greater part of this comes from tho gas itself. 
Tho fact tlmb fclio avorugo tomporaluro of tho 
pipo is higher when the gas is flowing also 
results in a greater radiation loss from tho 
pipo. Tho error ants in tho samo direction an 
tho other. 

Swann mndo soino experiments to verify tho 
above suggestion, and by attaching thormo- 
junctions to a metallic tube ho showed Hint 
tho gradient was affected by tho flow along it 
and tho results wore of tho magnitude required 
to account for tho difference botwcon his results 
and tlioso of Eognault, 

In RognaulL’s time there was a lack of 
knowledge concerning tho variation of tho 
flpooifto of water with tomporaluro, which, to* 
gothor with uncertainty as to tho absolute 
soulo of tomporaturo, might also cause an 
error of 1 per cont In his results. 

§ (Ifi) Variation or Specific Heat with 

TlOMPERATUllEANn PRESSURE (OVER Moi.l WRATH 

Uanoeb). —Eognault’a observations cover tho 
temperature interval from -.10° to 210° and 
pressures from 1 to 12 atmospheres. Ho found 
that the specific heat of (bo gases, air, oxygon, 
mid hydrogen were independent both of the 
temperature and the pressure within tho limits 
of tho observations. 

Tho specific heat of C0 2 , on the other 
hand, showed a well-marked inorenso with 
rising tomporaturo. Rcgniudt’s work was 
repeated by Wiedemann, who continued his 
results. 

Witkowski investigated Lho specific heat of 
air at low temperatures from -i-100° to -170°, 
and found that the specific heat was inde¬ 
pendent of tho temperature lmt increased with 
pressure. ILo worked up to a maximum of 

1 " Note oil the Conduction of Heat ulniui a Pipit 
Lliroutdi which (las In llmvlnu hi Its Uelollim to 
Meusuronumts of tho Spcdlln lloat of (times,” Phil. 
Mag., Jan. LOU). 

i 


70 atmospheres. The variations with pressure 
increased as the temperature was lowered. 

The method of mixtures is not suitable for 
the accurate determination of the pressure 
and tomporaturo variation of the specific heat 
of a gas. 

More recent work by observers employing 
tho electrical mothod lias supplied data which 



I'm. 17. 

supersede tlioso obtained in the ahovo-de¬ 
scribed investigations. 

§(l(l) .Sl’KOmu .11 WAT OF fiASKS AT HltlJI 

T km ter atuueh. 2 —llolliorii and Austin, 3 and 
later Holhorn and Henning,' 1 have investigated 
lho specific heat of gases up to 1200“ O. 
'I'hcir method is identical in principle with 
that of ltognault’R, but a special type of 
healer was necessary for bringing tho gas to 
tho high initial temperature. Their apparatus 
is shown dingrnmmalically in Figa. 17 nml 18. 



¥i(l. 18 . 


(i.) Arrangement of Apjmralua. The Healing 
Tube .—Tile gas was heated electrically in n 

* Hen also article “Uiisch, flpcelllt! Kent of, at HliOi 
Temperatures." 
a Plum. /(re, xxl. No. -1. 

‘ Ann. dcr /%*«■, W07, will. «U0. 
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nickel tube A, about a metre long and of 
1 mm. wall thickness, on which was wound a 
coil of nickel wire. The windings were insu¬ 
lated from the tube by asbestos. The gas 
was introduced at one end and was heated 
in the coarse nickel filings with which the tube 
was filled according to the plan of E. 
Wiedemann. At three-fourths of its length 
the tube was closed by a disc silver-soldo red 
in place, and the gas was led out through a 
sido tube into the calorimeter. In this way 
the influence of the cool end of the tube was 
eliminated. Otherwise it was found out that 
the gas in passing through the cool portion 
gave up so much of its heat that its tempera¬ 
ture varied in a luarkod dogreo with the rate 
of flow. 

Opposite the outlet tnbo W a second nickel 
tube B was joined to the heating tubo and 
through this a platinum platinum - rhodium 
thormoolemcnt T was introduced. This 
passed through tho heating tubo A, which at this 
point was kept free from nickel filings by the 
dividing wall M on one sido and a disc of wire 
not on the other. Tho thermo junction lay in 
tho outlet tube W, 1 cm. from its free end. 
In this spaco a thin silver band bent in the 
form of a screw was inserted to prevent 
radiation of tho thcrmojimotion to the aool 
calnriraoter. Tho thcrmoolomont consisted of 
wires0-25 mm. in diameter, which weroinsulated 
through the greater part of tho tube 13 with 
thin porcelain tubes. Tho hot junction of tho 
thormoolemcnt, whioh was hardly thicker than 
a single wire, was left baro. 

Special caro was taken that the end of tho 
thermoelement should not come in contact 
with the tubo wall. In one portion of tho 
work this was attained by supporting the 
floxiblo end of tho element on a bit of mica 
of tho snmo width as tho diatnotor of tho tnbo. 

The platinum bund, whioh was intended 
for the protection of the thormooloment from 
radiation from tho tubo wall, also served to 
protect tho quart/, from tho nickel oxido 
whioh was carried along with tho gas current 
in minute quantities from tho filings ill tho 
heating tube. Otherwise this after a time 
booaina opaque and disintegrated. 

A secondary heating coil of nickel wire was 
placed on tho tubo B, to compensate for 
tho loss of heat by conduoUon through tho 
two side tubes and for tho loss of one turn of 
wire on tho main ooil where tho side tubes 
wore attached. 

(ii.) The Calorimeter .—The calorimeter It of 
about 0'5 litre capacity was made of pure 
silver 04 mm. thick (Figs. 17 and IS), In its 
centra wore situated three silver tubes 1-5 cm. 
in diameter, illlod with silver filings and 
connected by 0-5 am. silver tubes. These 
absorbed tho boat from the gas as it passed 
through. That tho gas actually issued from 


the calorimeter at calorimetric temperature 
even whon heated to tho highest point (800°) 
was made cortain by teats with a constnntan 
copper thermoelement. 

Later experiments by Holborn and Henning 
wero made by a similar method with a platinum 
heating tubo which extended tho temperature 
range to 1400° C. The calorimctor necessarily 
gains some heat from the heating tubo, and 
tins gain, in tho later experiments, xvas partly 
compensated by surrounding the cnlorimoter 
with a jacket maintained at a much lower 
temperature. 

This compensation wns found necessary at high 
tompornturo in order to prevent an excessively 
rapid rho of temperaturo of tho calorimeter: but 
although it reduces tho apparent magnitude of tho 
correction required, it docs not diminish the aotiml 
amount of heat transferred and docs not rcduco tho 
uncertainty of tlio corrcotion. Tho nmgiiitiido of 
tho offcot at high tempera Lures nmy bo judged from 
tho fact that it was found necessary, in tho experi¬ 
ments at 1400° C!., to maintain tho jacket at ns low 
a temperature ns 40° C. by pnRaing a stream of cooling 
water through it in order to prevent tho calorimeter 
rising above 115° C. when no gaH wns passing. Under 
such conditions tho calorimotrio corrections become 
so uncertain that tho probability, of nystomatio 
errors muBt inorenao considerably with rise of tom- 
poraturo. 

Tho rate of inoroaso of tho moan specific 
heat of nitregon at atmosphorio pressuro 
between 840° and 1340° C., shown l>y tho later 
oxporimonts, was about doublo that found 
in tlio earlier serios, Both sories of experi¬ 
ments could bo represented within tho limits 
of probablo error by tho linear formula 
S 0( =-23GO(l + -000080. . 

It. nppoars probablo, howovor, that tlio value 
of tho speoifio heat at 0° C. given by tlio 
formula is too low and that in tlio enso of 
nitrogen tho rate of inorcaBO is not uniform, 
but inoroascs with riso of temperaturo to somo 
extent, 

(iii.) Possible Source* of Error .—Since tho 
temperature of tlio hot gases was determined by 
a thermocouple near tho entrance to tho calori¬ 
meter, and tho time of flow of tho gas wns 
only three minutos, there appoars to bo somo 
doubt whether Dio couple gave tlio true moan 
tomporaliiro of tho inflowing gas, and also 
wliothor tho loss by radiation from the couple 
was properly corrected for. The valuo of tlio 
mean speoifio heat of air over tho range 150° 
to 270° 0. by Holborn and Henning was 
•2315. This is about 6 por cont smaller than 
the probable value over this range. Tho rate of 
increase shown by tho oxporimonts was within 
the limits of probablo accuracy of the work. 

§ (17) Specific Heat op Steam.—R ognault’s 
value, 0475 for tho spocifio boat of steam at 
atmosphorio pressuro over tho range 125 to 
225° C. was obtained by taking tho difference 
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between the total beats of steam, superheated 
to these temperatures, as observed by condens¬ 
ing the steam in a calorimeter. Since the 
difference, corresponding to 1U0° superheat, 
is only -j'jth of the total heat measured in 
either case, it is evident that the method might 
give rise to largo errors. For this reason many 
writers have preferred to deduce the specific 1 
heat of steam theoretically in various ways 
from Rcgnault’s value of the rate of change 
of the total heat of saturated steam, namely, 
0-305 cal. per 1° 0., which, as Oallendnr 1 has 
pointed out, is subject to the same sourco of 
error in an aggravated form. Thus Zouner 
gives S =0-508; Perry, S =0-300 ut 0° C. to 
0-404 at 210° 0. : Grindloy, 0-387 at 100° C. 
to 0-005 at 100° C. 

A direct measurement of the specific 
heat of steam by Brinkwortll, 3 employing 
the continuous electric method devised by 
Callondar, gavo S = 0-484 at 108° C. Subsidi¬ 
ary experiments by Calleiular in conjunction 
with Professor Nicolson, by the throttling 
calorimeter method, enabled tho variation of 
the specific heat with pressure to ho calculated. 

These gave tho formula 

( 07*l\ 3.3 

t) ’ 

whore j) is tho prossuro in atmosphores. Tho 
approximate constancy of tho limiting value 
0-478 of tho spooilio heat at' zero pressure 
over tho range 0 to 200° 0. was verified by 
calculating tho corresponding values of tho 
saturation pressure, which woro found to 
agreo accurately with Itognault’s observations 
ovor tho whole rango. Tho theory was also 
verified by a moasuremont of tho ratio of tho 
specific boats of steam by Malcowor, 3 which 
gavo values 1-303 to 1-307, agreeing olosoly 
with that doduood by Callondar, 

Tho experiments of Loronz 4 and Knoblauoh 
and Jacob and Linde c afforded a romarlcablo 
verification of tho theory of the variation of 
tho specific heat with prossuro. Thoy found tlio 
spooilio heat at 1 atmosphere to bo practically 
constant over tho rango 100° to 300°, but their 
value., namely, 0-408, is decidedly lowor than 
Rogmuilt’s. 

Holhorn and Honning 0 in thoir experiments 
on tho specific heat of steam at atmosphorio 
pressure, improved llcgnault’s method by 
employing an oil calorimeter at 110° C so 
as to avoid condensing tho steam in tho 
oahn-imotor. Thoy determined tho ratio of 
the specific boat of steam to that of air by 
passing ourronts of air and steam in succession 
through tho apparatus under similar condi- 

1 Report of .11.A. Committee on (Inscmt * Explosions, 
1008, from which the above Is abstracted. 

2 Phil. Ttant. Hop- Sac., 1015, eexv. 383-138. 

3 Phil. Mag., Fob. 11103. 

1 Parnell, Per. Dent. lug., 11105, xxl. 03. 

6 Lac. cil. up. 1 and 35; 11)00, p. 100. 

3 Ann, Phos., 1005, xvill. 730. 


lions, ami obtained the following values of 
tho ratio for different intervals of temperature: 


Temiiurntitra Interval. 

liatlo/Steam. Air. 

110.270° 

1 {MO 

110-440 

1 -958 

110-020 

1 -94(3 

110-820 

1-998 


In their subsequent series with a platinum 
healing - tube at higher temperatures thoy 
obtained the following ratios: 


Teinpernture Interval. 

Ulntlo/.Stcam. Air. 

115-820° 

1-900 

115-1180 

1-073 

116-1324 

2-003 


The second series appears to make the ratio 
about 5 per cent lowor at 110-820° than tho 
first, which suggests tho possibility of constant 
errors depending on tho typo of apparatus em¬ 
ployed or on tho velocity of the gns current, 
Tho oxperimonls of Callondar and Swann 
would make tho ratio 2-05 at 100° C. This is 
higher than any of the values obtained by 
Ilolborn uiul Henning at 1400° C. 

Holborn and Henning point out that thoir 
results at 1400° C. cannot he reconciled in 
the case of steam and CO a with any of tho 
results of explosion methods. They are G per 
eont to 13 per cent lower tlum Langen’s, 
wldoli aro among the lowest, But, having 
regard to tho fact that tho oonstnnt-pi'cssuro 
motliod which they employed appears to givo 
results so much lowor than July’s or Callondar’s 
methods at ordinary temperatures, and that 
tho experimental difficulties increase so groatly 
at highor tompomtmea, it docs not scorn at all 
improbable that a considerable part of the 
discrepancy is to bo attributed to systomatio 
orrors of tho constant-pressure method. 

§ (18) Specific Heat of CO a ,— Tho spccifio 
heat of C0 3 is of groat thcorotical interest 
in view of the considerable incronso shown at 
ordinary temperatures. The tftblo below gives 
tho results obtained by various observers : 


TcmpcmtUTe. 

Hcgnatilt. 

Wleilcmmm. 

fjvnnn. 

lIuDinru. 

0° 

100 

0-3870 

0-2145 

0-1052 

0-2100 

0-1073 

0-2213 

0-2028 

0-2101 

Increase: 

0-0275 

0-0217 

0-0240 

0-0133 


It may also bo remarked that the varia¬ 
tion of specific heat with density observed by 
Joly 7 agrees very closely with that calculated 
by Callendar 8 from tho experiments of Joule 
and Thomson on the cooling effect on expan¬ 
sion. E. Q- 

7 “ Calorimetry, Change of State,” §5. 

» Phil. Mag., 1003. 
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Tin; Variation ok Si-Komo Heat with 
TBMI’J'SllATiniE 

§ (1) The Variation ok Atomic Heat.— 
The discovery by Dulong and Petit in 1819 
of tlio empirical law. Unit the product of tlio 
utmnio weight and tlio specific heat is approxi- 
niatoly tlio same for ail elements, proved to bo 
of tlio greatest practical utility to chemists 
when assigning atomic weight values to nowly 
discovered olemonts; and further, the simplicity 
of the law directed attention to the possibility 
of arriving at it from theoretical considerations 
of concoivablo atomio structures constituting 
a solid. The mean valuo for the constant was 
determined by Rognault as fl-38 with oxtromes 
of 3‘7fi and G-7. According to tlio binotic theory 
of mattor it is easy to see why a relationship 
of the form discovered by Dulong and Potit 
should exist. Wo suppose that tlio atoms are 
bound togothor by interatomic forces tending 
to bring them to positions of equilibrium 
about which thoy osoillato; then in this eaao 
tlio total energy of an ntum is hnlf-potcntijU 
and Imlf-kinotio j for tlio prinoiplo of equi- 
partitioii of energy is assumed to bo valid. 
Now in tlio ease of a monatomio gas tho onorgy 
iB all kinotic, and proportional to tho absol¬ 
ute temperature. Thoroforo tlio atomio heat 
should bo half as great in tlio gaseous state 
as tho solid state. The ldnotio onorgy of a 
gmmino molooule of a monatomio gas is §RT, 
where It is the gas constant which lias tlio 
value 1-08G. Honco, on tho supposition Unit 
a monatomio solid body is built up of atoms 
oadi witli 11 dug re os of freedom, tho cnorgy 
content is 3UT, and from this tho atomio heat 
at uonstaub volume is obtained by differentia¬ 
tion with rospoot to T giving for tho atomic 
specific boat tlio valuo 3R or G-OGG. 

It might be remarked in passing that tho nbovo 
equation, according to Holt/.nmnn, is applicable to 
tlio ease of orystuls wliioh havo at tlio jiointa of their 
fljmoo-laUico inoleoules of any degree of complexity, 
provided that- tho internal forces noting on caoh 
atom aro proportional to tlio diatanoo of tho latter 
from its equilibrium position, or more geaornlly aro 
linear functions of tlio ohnngo of its co-ordinates. 

Ilonco tlio llulong and Potifc generalisation 
is consistent with tho atomio theory of matter 
and tho equipartilion theory of energy. 

For nearly a century, howovor, tho excep¬ 
tions to the law—carbon, boron, and silicon—■ 
proved to bn ah enigma wliioh defied solution. 
As far baok ns 1872 Dowar 1 and Wo her, 3 
working independently, showed that as tlio 
tomporaturo increased tho Bpocifio boat of 
carbon, whether as diamond or ns graphite, 
oontinued to increase. Wobor conoludod tliat 
tho spooilio heat of diamond is tripled when tlio 
temperature is raised from 0° to 200°. 

* Phil. Mao., 1872, xllv, -101. 1 Ibid. p. 261. 


Dewar’s experiments showed the spooilio 
heat of carbon botwoou 30° C. and (ho boiling- 
point of zinc {918° C.) was 0-32. 

Some three years later Wobor 3 published 
results of furthor experiments, and proved 
that from 000° 0. upwards the specific heat 
of carbon ceased to vary with increase of 
temperature and became comparable with that 
of othor elements. Further, tho di IToronoo 
between tho specific heat of different modifi¬ 
cations disappeared, By plotting his results 



Wobor showed that tho specific heat tompora- 
turo ourvo was of tho form of an old English /. 
Ho found a point of inflection for diamond at 
about 00° (!., and that for graphite 0° C. 

Recent rcsoarohos havo shown that tho 
ourvo obtained by Wobor is typical of all 
materials when tho rango of tomporaturo 
investigated is sufficiently largo. 

By his dovclopmont of tho tooJmiquo of low 
tempovaturo research Dowar was ablo ti» 



purauo tho subject to still lowor temperatures, 
and tho results for carbon obtained up to 
1912 are shown graphically in Fig, 1, Menu 
recent research by various investigators 
employing tho olootrieal method has shown 
that tho gonoral form of tlio atomio heat 
tomporaturo ourvo olosoly rosomhles tho ourvo 
of magnotisation of a fomnnaguotin substance 
under a steadily increasing riingnotio force, 
with its very gradual beginning, its subsequent 
rapid rise, and Its final asymptotic approach 
to a limiting value. A few typical curves aro 
shown in Fig, 2, tho 0 V ourvo being obtained 1 
by calc illation from C„ and tlio value of C„ - 
a Phil. Mag, 1876, Sor, -1, xllv. 286. 
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•) Tun Quantum Tiikohy Explanation, 
Hatisfaotory explanation of the so facts 
forthcoming until the development of 
luniitum theory and its application to tlx; 
oni of specific heat by Einstein, 1 Nernsl 
dndomunn,' 2 .Debye,and otliora. 
oho physicists developed form nine oon- 
ig tlio specific limit of a solid at constant 
iio with the gas constant It, the quantum 
unt /j, the frequency »«, and the nhaoluto 
Dratnro T. .Debye’s formula involves a 
-ity I',,,, the maximum value of the 
cmey which can occur, 
the formulae quoted below /I is wrilfcon 
10 quantity hj. It. 

’ further details reference shonld ho mmlo 
3 article “ Quantum,” Vo!. IV. 

J specific heat formulae found arc 


°-»(S) 5 p£i? ' <“•>* 

L. r. \(i») 


-i^'T *-»»/*( . 1 .,. _ 3 . 

■I’ W-J. \npvfl! » a W) a 

+ nHWftf + »Wi’) 4 ) ]‘ (D-) 

> lust expression v is writton for i< M for 
oily, 

eillo heat is mofimuod at constant 
ro, Thus to eompnro with tlio tlioory 
<]3orimental results neod corrcoting by 
of tlio formula 


a is the coefficient of cubical expansion, 
mioflieiont of volumotrie olasUciity, w 
oniie weight, /> being the density. 0 
) Kxphiumbntai. Tioht oy JAhimulak. 
II. < Jriflit.hu and E/.or (IrilUths 0 tested 
•ovn formulae by means of their ox|»eri- 
1 data for the metals over the range 
I. nhs. to .100" (.!, aim. 
y Immd that lie one of the formulae was 
lo of representing exactly the ox peri- 
l results over tlio entire range of 
rati ire, even when the values of i> were 
i ho us to bring the ouleululcd values of 
tomie belli; into coincidence with the 
mental values at mm temperature {about 
!. nhs,). 


«. d. I'hi/H; 1007, xxll. IHO-KOI), 

.■fill iSitzmwbt‘1'., OH I, |i. II)I. 
ii. d. Plii/n,, Kill!, xxxlx, 780. 
e letters !•!., N. .t I,., 1), driuiic KIiihMii, Nerimt 
ulnnmim, mill Dchyc ri'S|iri'Hvely, 
“Tlicnneilyimiiilcs,” S ( IH). 
il. Tram. Roy. Rue. A, 2M. 


The results are given in Tabic I. 

Tajii.b I 

Com r auison nr tub Hxtuuimkntai. Hbsui.th with 
tub Eohmulab or Kinki-kin, Nkhkht and 
I.indumamn, and Dkiivi; 

Column 1.—'L', almollifs Icnipcml-iirc. 

Column It.—from the Hinunlhwl i-iirv«-.s tlirnugli 


experimental points. 


Column 111.—(!„, 

enlciiliiti'il value from KiuHlein’s 

formula (1 

■ )■ 




Column 

iv.—(V, 

cnlmilated value from Nerusl 

; nml I.iiHltmiaiin'H formula (N. and 1,.), 


Column 

V.-C* 

ealtmliiled value from Dr bye’s 

formula (J).). 




The values of jiv arc given at tlio top of || io columns. 

T. 

Cj<eb8.). 

MJ'U 

|c,,(N..tb.}. 

(!<■ (!>■). 

/ 

Aluminium. 

?h-202 . 

/Jv-385. 

fi',,,-385. 

35° 

0-33 

()■ 12 

0-37 

0-35 

80 

2-27 

2-18 

2-10 

2-35 

HO 

•1 -20 

-1.20 

•1-20 

4-28 

200 

fl-M 

5-12 

5-10 

5-10 

2f>0 

r»r.3 

5-11) 

5-17 

5-47 

300 

581 

5-75 

5-74 

5.71 

380 

013 

0-02 

0-01 

(1-01 

Coruna. 

ftp -222. 

fie-285. pv m ,,,280. 

33-4° 

o r» i 

0-311 

0-82 

0-71 

88 

3-38 

3-00 

3-74 

3-70 

120 

•1 -58 

•1-52 

.1 -58 

-1-57 

200 

5-14 

5-10 

5-17 

5-17 

280 

5-80 

5-78 

5-80 

5-80 

300 

0 02 

fi-IM J 

(1-01 

0-01 

/.I NO. 

fiv-» 100. 

“Bio, 

30° 

0-05 

O-HI 

1-30 

M3 

80 

4 *01) 

■1-33 

4*33 

4-33 

130 

fi-31 

5 32 

5-31 

5-31 

200 

5-78 

5-70 

5-77 

5-77 

280 

(102 

O-OO 

0-01 

(too 

3110 

(>•21 

0 -11) 

0 -1(1 

0 -HI 

Si i, visit. 

/*'*•-> 157. (iv: 207. /fi-,,,-207. 

nr.° 

1-58 

1 -10 

1-80 

1 *<M 

8r» 

.1-12 

-1-5(1 

-1-53 

■1-53 

120 

5-20 

5-23 

5-21 

5-21 

200 

5-81 

5-73 

5-78 

5-78 

280 

0-01 

(1-01 

0-01 

(1 1)1 

3(H) 

0-10 

(1*141 

• (MO 

0-15 

Cadmium 

/1V..1I2, ftp 3, fh’, n ,,].f.|. 

50° 

3-10 

-.1-02 

4-10 

-1-10 

nr> 

5-110 

5-51) 

5-00 

5-r.o 

100 

5-87 

5-85 

5-HO 

5-80 

200 

5-1)1) 

5-117 

5-1)11 

5 'III) 

300 

0-30 

(Kill 

0-3-1 

11*3-1 
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Tahi,b 1 —continual 


T. 


LV(K.). 

(J,L). 

0,.(».)■ 

Lea n. 


(fr-08. 

i 

/ft---=92. /3r m =94. 

23° 

2-1)1 J 

3-03 

3-0(1 

2-94 

80 

5-72 

r»-75 

B-flS 

6-04 

120 

5-03 

5-93 

5-91 

5-91 

200 

(5-10 

(i-13 

0-13 

a-13 

280 

(5-28 

fl-28 

0-28 

0-28 

300 

U-45 

0-45 

<1-45 

0-15 

Sodium. 

/fj- = 110. 

fin ** 152. 

lr m = lf.2. 

GO* 

3-BO 

3'87 

3-08 

3-95 

120 

5-02 

5-112 

5-114 

5-04 

200 

0-17 

(102 

0-04 

(102 

320 

0-78 

0-30 

0-30 

(1-30 

300 

7-32 

0-43 

0-43 

0-13 

Iron. 


ir =280. 

pv-m. 

370. 

r.o° 

0-98 

0'05 

M0 

008 

140 

. 4-28 

4-28 

4-20 

4-20 

220 

5-15 

0-24 

5-21 

5-21 

300 

«-03 

G'02 

B-fil 

5-01 

380 

(5-37 

6-82 

5-82 

6-82 


Tim nlii)vo comimriwiii of the frequencies shows 
U,at Lite values cibtitmcd from (he' sped lie heal, 
equations arc in fair agn-ornetit with tliosn calculated 
from tlic elastic constants. 

§ (4) Application of Debye’s and Ein¬ 
stein’s Rohmui.ae to the Non-metals.-— 
pure metals afford the most reliable tlntiv fur 
testing heat theories, but, comparisons with 
the available ox|>em»o»tul data for complex 
substances such as crystalline salts (NuOl, 
KOI, .Or, AgCl) and diamond are of great 
theoretical interest. 

One difficulty in making such comparisons 
is uncertainty in the value of C„owing 
to tho lack of data concerning tho olnstio 
constants. As data were not available for 
calculating 0,, - C„ from tho thermodynamical 
relationship, 

v - wcM '> 

. y 

Nornst and Litulomann 1 obtained approximate 
values for C;,-C„ by a different procedure. 

Taiiix III 


Jsm. — Cu was oounneo uy “ ,y , 

formulae and tho cnloulatoil value of luuiau. 

It will bo obsorvod that, generally, near tlio 
boiling-point of liquid hydrogen, about 30° 
abs., Einstein’s formula .gives values which 
ftro too low j from Nornst and Lindoinann’s 
tho values aro too high ; while Dobyo’s formula 
gives values which aro in fair ugreomont for 
Al, Ag, 7m, and l’b, and, in tho ease of other 
metals, it agrees with tho oxpori mental 
values hotter than either Kiustoin’s or Nornst 
ami Lindomann’s. At liquid air temperatures 
all three formulae give values which are too 
high, 

rt is of but little oho to calculate tho appropriate 
values of v from (ho clastic cnnslunls of tho niutnls, 
Hlnco those ooiwlanls aro cnnslderably influenced 
l>y tho nature of tho previous heat treatment and of 
tho tomporoluro. Hut it might bo roinnrked that 
tho values calculated from tlu> olnstio constants aro 
in accordance with tiioso required by the atoinia 
heat results a3 Bhown by tho data in Table If. 

Table II 

Comparison or Frequencies obtained bv (/'at.. 

OULATION VROJI THE I'll VHIOAI, CONSTANTS 

with the Values assumed in Dkuyb'h 

FORMULA. 

Frequencies >< 10" 13 


Absolute 

O,,- 

(Jo. 

Temperature. 

a’cwt. 

0 ( .*TA. 


Aluminium 


32-4° 

0-24 

0-21 

35-1 

0-20 

0-23 

50 

0-29 

0-2(1 

80 

0-31 

0-28 

100 

0-34 

Comm 

0-30 

23-5 

0-lfi 

0-14 

27-7 

OKI 

0-15 

50 

0-18 

0-1(1 

70 

0-20 

0-17 

1)0 

0-22 

0-18 

110 

0-23 

Silver 

0-11) 

35 

0-21 

0-25 

40 

0-23 

0-27 

(10 

0-25 

<>•20 

80 

0-27 

0-31 

100 

0-30 

0-34 

130 

0-32 

0-3(1 


Lea d 


23 

0-35 

0-34 

28 

0-39 

0-37 

37 

(>■43 

0-40 

50 

0-47 

0-13 




100 

0-55 

0-40 



They based their method of calculation on 
Grandson's observation that tho coefficient 

1 La Thdorie du rayonnment d les quanta, 1012, 
p. 205. 
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(, f <‘..\pan.sinn in proportioNil to tho atomic heat, 
and obtained tiio approximate relationaliip 

cv-a«,=<vTA, 

whom A is a constant charaotoristio of tho 
nub.stance which can bo deduced from measure- 
munta of tho compressibility and coefficient 
■•‘ expansion made at one temperature. 

It is possible to tost tho validity of this 
■'•rmulao by comparing tho data obtained 
1,>ni w ‘tb thoso given by tho tliermodynam- 
on I equation in tho case of tho metals Al, Ac, 
•“» findCu (see Tablo III.). 

_ Nonist tested tho formulae of Nernst and 
jindoinmm and of Do bye on tho data for 
hh mond, a , l( i Table IV. summarises tho 
iomparison. 

Tamms IV 


Diamond jiv = J 8(i0 for Debye’s. 

=■1010 for NoniHt and Litulomann’s. 


Observer. 

T. 


DIKtiroucu. 

Oli*. 

Cnltf. 

(Otl.ycl, 

Olis.-r.ik-. 

(lloliyt-) 

Oba.-nlc. 
(S. mu! I.,), 

Nernst . 

88° 

0-028 

U-010 

-0-021 

4-0-022 

If • 

1)2 

0-033 

(>•058 

-0-025 

4-0-024 

•i 

205 

04518 

0-01 

•i 0-008 

0-00 

„ 

200 

0-002 

0-00 

•I-0-002 

-I 0 01 

n • 

220 

0-722 

0-74 

-0-018 

—0-04 

VVoboi- . 

222 

0-70 

0-75 

-1-0-01 

-0-02 

l)o war , 

2-13 

0-03 

0-025 

4-0-025 

-0-02 

Weber . 

202 

1-14 

MO 

4-0-04 

-0-02 


281 

1-33 

1-32 

4 0-03 

-0-02 

») ■ 

300 

1-58 

1-04 

4-0-04 

-0-01 

• » • 

831 

1-84 

1-82 

•1-0-02 

4-0-01 

• 1 

358 

2-12 

2-07 

4-0-05 

-1-0-04 

„ . 

413 

2-0(1 

2-01 

4-0-05 

4-0-11 


5-15 

3-40 

-0-04 

4-0-04 


It will bo obsorved that Dobyo’s formula 
voa an approximate representation of tho 
porimontal results. Tlio Non us t and 
udnnmim formula, gives values which are 
o ltnv between 88“ mid 1)2° nbs. In tho 
so of Dobyo’s tho dilleroncos exceed tho 
obablo error of oxporimont, tho gonoml 
end being for Debye’s formula to givo 
dues which are too largo nt lenv tompornturcB 
id too small at high temperatures. In faofc 
o dcoreaso of atomic lieat with dooronsing 
inperature is mom rapid than that given 
' .Dobyo’s formula, Kwald made oxpori- 
oiits on the moan atomic heat of diamond 
■tween 83-8° and 104-0° abs. and found tho 
,luo O’2119, so that tlio total onorgy 
ffiiromto botwoon these temperatures iH 
•85 calories; tlio value calculated from 
ibyo’s formula is 25-34. Korol, employing 
o copper calorimeter described in “ (,’alori- 
Ary, Elootrioal Methods,’’ § (13), found 
o moan atomio boat of diamond between 
!h8° and 270-0° to bo 0-804, corresponding 


to an energy difTerenco of 05-8. Debye’s 
formula gives (il-9 calorics for this interval. 

Polyatomic Substance.?. — Tho metals and 
diamond nro regarded as monatomio struc¬ 
tures, whilst the molecules of graphite and 
sulphur appear to be compounds of several 
atoms since the ntomio heat curve is for these 
much less abruptly curved towards tlio tem- 
pomturo axis. 

Nernst 1 lias at tempted to npply thoformulao 
of Dobye and Einstein to polyatomic sub¬ 
stances suoh as KOI, Nad, etc. Ho assumes 
the heat vibration to be of two types: first, 
tho vibration of tho molecules as r whole in 
oxactly the same way as tho atoms of a 
monatomio body; and, second, the vibration 
of each atom about its position of rest, The 
vibrations of tho atoms are interpreted as 
giving rise to tlio “ Rcslslrahlen ” discovered 
by Rubens, Since at low temperatures tho 
vibrations of the atoms becomo muoli inoro 
regular, and accordingly the absorption bands 
narrower and more pronounced, it is assumed 
that Einstein’s function applies to tho atoniio 
vibrations. 

Hence for tho representation of tho atomio 
heat of tho salts tho expression is 



in which l‘\, l'a arc tho functions of Dohyo 
und Einstein respectively, tho frequently 
calculated from tho molting - point, 3 and 
that found by Rations by means of the optical 
method, since tlioso salts show one very sharp 
infra-red absorption band. 

l'’or details of tho comparison with experi¬ 
ment, roferenoo should bo mndo to tlio original 
papors already referred to. u. o. 


Calory or Calorie : • 

Tho 15°.-—Tlio quantity of heat required 
to raiso one granuno of water through 
1° 0. nt 15° C, 8co " Thermodynamics,” 
§ (2); “ Ilcat, Mechanical Equivalent of,” 

, §(9) ’ 

Tho 17°-5.—Ear somo purposes tho rangn 
front' 15° C. to 20° C. is taken and tlio 
calorio dofinod at 17°-5. 

Gramme.—Ono-hundrcdth part of tlio heat 
roquirod to warm one gramme of water 
from tho molting-point to the boiling- 
point at a pressure of one atmosphere. 
See also “ Thormodynamies," § (2); 
“ Heat, Meohanioal Equivalent of,” § ([)), 

Pound.—A Rritisli unit of licat, fioing ono- 
hundredtli of tlio amount of heat required 
to raiso ono pound of water from tlio 


‘ 'Vhenry of the Solid Stain (London Unlv. Press), 
Llmlomium, Pliysik Zcitsch., KUO, xl. 000. Usiim 
tlio liynothcs s f.lmfc tlio inciting.] mint is delerinlijnil 
“y 1,(1 fact that at tills tai»|>crntiirn (he amplitudes 
el tlio ylbratliiim of the atoms around their positions 
or rest become commensurate with tho atomic 
distances. 




70 


CAMS, 


KINEMATICS OTT—CATHODE RAY MANOMETER 


molting-point to the boiling - point at 
one atmosphere. Seo also “ Thermo¬ 
dynamics,” § {2). . 

Cams/ Kinematics of. Seo “ Kinoinatics ot 
Machinery,” § (0). 

Canal Walls and Effect on Stream-i.ines 
of Mo Vi no Sun*. See 11 Ship Resistance and 
Propulsion,” § (30). 

Car n on Dioxide, Latent Heat of Vafouisa- 
tion OF J dotormined by Mathias. See 
“ Latent Heat,” § (8). 

Carhon Monoxide, Sfeoifio Heats of; 
tabulated values obtained by School and 
House. • Soo “ Calorimetry, Electrical 
Mothods of,” § (15), Table IX. . 

Carnot’s Cycle, Seo “Thermodynamics, 

§§ (18). (40); “ Engines, Thermody¬ 

namics of Internal Combustion,” § (5). 

Per a Perfect Gas. Seo “ Engines, Thermo- 
dynamics of Internal Combustion,’ §§ (5), 
(0), (23); “ Tliormodynnmics,” § (18). 

For Stonm. Seo “ Steam Engino, Theory 

of,"§(2). _ „ 

Carpbntihr - HoanTAWKR Indioator. bee 
" Pressure, Measurement of,” § (19). 
Cascade Method of Cooling ; introduced by 
Piotot. Seo “ Gases, liquefaction of,” § (1). 
Cast Iron. Seo “ Elastio Constants, Dotor- 
niiiiation of." 

Crushing Strength. § (39). 

Effect of Tomporaturo on tho transverse 
Strength. § (37) (ii,). 

Tensile Strength. § (38). 

Testing—Transverse Test. § (37) (i.). 


to tho pressure this is equivalent to a pressuro 
time record. The advantage of the method 
lies in the fact that the inertia of the moving 
part of the recorder, the beam of cathode rays, 
is negligible. 

The apparatus consists of two ]tarts: (I) 
tho pressuro vessel, and (2) tho cathode ray 

oscillograph. . , .... 

Tho pressure vessel is shown m i. w 

consisted in Dr. Keys’ experiments of a brass 
vessel All, about (5 in. in diameter and 4 in. 
deep closed by a i-in. steel plate UK, hold 
down by 12 holts. Tho walls of tho vessel 
worn -t ill. thick. A sparking plug L and a tap 



Fro. l. 


N are fitted in tho Htool cover. DE is a thin 
lead plate electrically commoted to a copper 
wire which passoa through an insulating plug 
G in tho aide of the vessel. 

Half of tho tourmaline crystals, about 1 cm. 
in thickness, aro attached by a little wax to 
tho bottom of tho vessel, the other half aro 
attached similarly to a stool plate HI. Tim 
load plate DE separates these two sets of 
crystal, which aro so arranged that all tho 


CATHODE RAY MANOMETER 


Sir J. J. Thomson suggested the uso of Pio/.o 
Elootrioity 1 as a means of measuring sudden 
proHHuros, and the method lias recently boon 
worked out by Dr. I). A. Keys. 2 Crystals of 
tourmaline are exposed to tho notion of the 
pressure and the electrical charge acquired, 
which is proportional ' to the pressure, is 
monsurod by a Bpooial form of oathodo ray 
osoillograph. 

Tho amount of the charge is measured by 
tho dodoxion of a beam of cathode rays which 
passes between two parallel condenser plates 
which receive tho ohat'go separated on tho 


toimnalino crystals. 

Tho beam is also dofleoted in a direction 
at right angles to this electrostatic dolloxion 
by a magnetic flold applied parallel to tho 
electrostatic Hold by means of an alternating 
current of known frequency, giving a time 
displacement, perpendicular to the electrostatic 
displacement. Tho beam falls on a photo¬ 
graphic plato, thus a charge time record is 
obtained, and since tho charge is proportional 

1 Seo arllclo “ I'lezo lileclrlelty,” Vnl. II. 

• "A Pto-Aooleclrlc Method of measuring Explosive 
PiTsanreo.*' 1‘hil. Hag., 11)21. xill. '173. 
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Fig. 2. 

positive faces aro in contact with the load 
plate.' There aro 5 or 0 crystals in each layer, 
tho area of oaoli orystal being about 12 sq. cm. 
Il f is fixed by steel screws to tho bottom of 
tho vessel. Tho lower part of tho vessel is 
filled with vaseline to delay tho transfer to tho 
crystals of tho heat gonorated by tho explosion. 

When pressure is applied ahovo HI, DE 
hocomos positively charged and tho amount of 
tho charge is proportional to tho pressure. 3 

Tho insulated wire EGF convoys tho ohargo 
to tho condenser of tho oscillograph. This is 
shown in Fig. 2. Tho oathodo rays are 
generated by tho fine tungsten filament E, 
3 P. Curie, (Hums, p. 10. 
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which is heated to incandescence by an S-volt 
accumulator. The cathode ray tube GG is 
cemented into a brass sleeve BIS which is 
soldered into a brass cylinder CC—the axis of 
tins cylinder is at right angles to tho paper. 
Tho rays enter the sleove RE through a small 
hole 0, pass between tho plates MN of a con- 
denser and then between tho poles W W of the 
electromagnet and fall on a 
photographic plate X in tho 
cylinder CC. Tho plate slides 
in a rectangular box within the 
cylinder and can ho moved from 
outside. 1 A window Y in tho 



'C°5 '01 -010 .02 -025 >03 -033 -04 
Tima. Seconds 
I’KI. 3. 

oylinclor.ee closed by a screen of wiilcmito 
allows visual observations to he mado when 
the plate is drawn aside and thus facilitates 
adjustment. The electromagnet is excited by 
an alternating current of known frequency, 
thus tho timo scale is fixed. LL is a brass 
guard fcubo J in. in diameter. This guard tubo 
and ono of tho condenser plates N aro con¬ 
nected to earth and to ono polo of a direct 
current generator supplying a constant poten¬ 
tial difference of from 3000 to 5000 volts. 
Tho other polo of tho generator is connected 
through a spooial double-notion key 8 to the 
’•or tungsten illainont; the koy also 

| serves to fire tho explosive mix- 

L ture. Tho second pinto M of 

^■o-l \ tllQ con ^ 0,180r is connected to 
s | • tho lead pinto of tho pressuro 
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apparatus. On depressing tho koy S tho 
cathode potential supplied by tho direct 
current generator is first communiantcd to tho 
tubo; a further motion of tho key detonates 
the charge.. Tho cathode rays aro doviatod 
in a direction at right angles to tho paper 
by tho magnetic field, and until tho ohargo 
is fired trace a short vertical lino on tho 
photographic pinto. The electrification of tho 
condenser plate M duo to tho pressuro produces 
a deflexion of tho rays in tho plane of tho papor 

. ‘ Slr J - J. Thonisou, Ham of Positive HketrieUy, 
ll)l.i, xni. 22-2J, Longmans, Urcun & Co. 


nnd thus the tinio-pressuro curvo is traced on 
tho plato. Tho displacement of the spot 
depends on (1) tho cathode potential and (it) 
the potential difference produced by L)m 
charge botween tho plates of tho condenser 
SIN; tho apparatus requires calibrating for 
those. For tho method of doing this reference 
should he mado to Dr. Keys’ paper. 

Figs. 3, 4, 5, C, taken by permission from Jiiu 
paper, give the results of some of his 
^ experiments ; tho effect of tho ad¬ 
dition of air iu Blowing down the 
oxplosion of H a and O shown in 
Fig. 3 is very marked. With im 
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air (curve I.) the maximum pressure of about 
220 lbs. per sq. in. is reached in less than 0-001)2 
seconds. With some 00 per cent of air in Ihc 
mixture (curvo III.) tho maximum pressure 
is reduced to less than 00 per cent of its former 
vatuo nnd tho rise continues for about 04103 
seconds, or some fifteen times ns long mi 
previously. 

Tho curvo A, Fig. 5, is a lime-pressure 
curvo for tho explosion of gun-cotton under uca 
water; it gives tho direct 
t ' 0 ' , wave, while curve E is duo 

to tho wnvo reflected from 
•tho bottom. Again in 
"Fig. (1, tho effect of idler- 
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ing tlio distanco of tho charge from tho j iiVKsiim 
vessel is shown. 

Cathode Ray OsoiEi.o<mAi*ir. Sen Vol. II,, 
“ Radio Frequency Measurements,” $ (45), 
Cavitation. See “ Ship Resistance and I'm. 

pulsion," § (48). 

Cement : 

Artificial and Natural Hydraulic) Comonl, 
Tests for Portland Commit. 8co 11 Elastic 
Constants, Determination of,” § (Ififi). 
Characteristic Equations for Tensile Tests <01 
Cement and Mortar. Sco ibid. § (1.57). 
Sotting Timo. See ibid. § (158) 

Cement and Sand (Moktah) — Tenmion 
Testino. 8eo “Elastio Constants, Dolor- 
mination of,” § (150) (ji,), 
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CEMENTING MATERIALS: CLASSIFICATION-COAL CALORIMETER 


Cementing Materials—Classification. Seo 
“ EInstic Constants, Determination of,” 
§052). 

Centigrade Scale op Temi-ebature : a 
scale, used in all modem tliormomotrio 
work, in which the numbers 0 and 100 corre¬ 
spond respectively to the freezing- and 
boiling-points of water, in each ease at 
pressure of ono atmosphere. Sco “ Thormo- 
motry," § (2). 

Centrifugal Fluid Taciikomktbhs : .tor 
measuring number of revolutions por unit 
time. Soo “ Motors,” § (4), Vol. III. ^ 

Cbntripvoa l Pumps. Sco “Air-pumps, 

§ (32); “ Hydraulics,” § (38). 

Channels, Hydraulic Flow in, and Best 
Dimensions op. See “ Hydraulics,” §§ (27) 
and (28). . if 

“ Oharactkristio Curve” for geometrically 
Himilar structures of which the corresponding 
parts are made of the snmo material, anil 
Non-dimonBional Bases. Sco “ Dynamical 
Similarity, Tlio Principles of,” § (44). 

Cu aHACTE ius'i'io Equation op State. See 
“ Thermodynamics, Definition of,” § (58); 

“ for Ideal Gas,” § (57). 

Charles’ Law on tlio expansion of gams 
under constant pressuro states that 

u=v 0 (l +«i), 

u n and v being volumes at temperatures 0° 
and J°, whoro a is approximately constant 
(for the more permanent gases) and is oallcd 
tho coefficient of expansion at constant 
pressure; it 1ms nearly tho saino valuo for 
all tho mom pormanonl gases. Sco “ Thornml 
Expansion,” § (14) (i.); “Thermodynamics,” 

§ (fi); “Engines, Thermodynamics of In¬ 
ternal Combustion,” § (14). 

Chattook Gauge. Seo “Pressuro, Measure¬ 
ment of,” § (27). 

Chemical Pumps. Sco “ Air-pumps,” § (19). 

Cjibzy Formula por Hydraulic Losses in 
Pipes. Sco Hydraulics,” § (25) (i.). ... 
Practical form of saino. Seo ibul. § (25) (iii.). 

Chronometric Instruments : For monaiiring 
number of revolutions por unit time. Soo 
“ Motors,” § (3), Vol. Ill, 

Clapkyiion’s Equation. Sco " Thermo¬ 
dynamics,” § (41). 

Clark Cell, Value op E.M.F. of. Seo 
“ Mechanical Equivalent of Heat,” § (8). 
Sco also Vol. II., “ E.M.F., Standards of.” 

Class Variable : a non-dimensional group 
of terms connecting a class of problems 
possessing cortaingeometrical and dynamical 
similarities, tho solutions of which two ox- 
pn-HHiblo os functions of tho class variable; 
if tho problem can bo expressed in torniB of 
a difihrentuil (‘([nation, tho solution is sought 
for as a power sories in tho class variablo. 
fino “Dynamical Similarity, Tho Principles 
of," § (40). 


Claude’s Modification op Linde’s Method 
por Liquefaction op Gases. Sec “ Gases, 
Liquefaction of,” § (1). 

Clausius’ Theorem : an advance towards 
tho explanation of the departure of tho 
behaviour of fluids from tho laws of 
porfeot gases, See “ Thermal Expansion,” 

§ (19) (i-j- 

Clearance in Steam-engine Cylinders. 
Seo “Steam Engine, Reciprocating,” §(2) 
(viii.). 

Clerk Two-stroke Engine. Seo “ Engines, 
Thermodynamics of Internal Combustion,” 

§§ (9), (34). 

COAL CALORIMETER 

Various forms of apparatus havo boon 
devised for determining tlio calorific valuo 
of coal. In practical!y all the selected sample 
of coal is burned 
in oxygen ; tho pro¬ 
ducts of combustion 
aro pnssed into a 
known quantity of 
water at a known 
tomporature, and 
the rise of tom pom- 
turo is measured. 

Fig. 1 is an illus¬ 
tration of tho Rosen- 
haiti caloriinotor as 
manufactured by 
tho Cambridge nml 
Paul Instrument 
Company, Tho 
instrument consists 
of two parts, tho 
calorimeter propor 
containing tho water 
and tlio combustion 
chamber in wbioh 
tho samplo is burned. pm, |, 

Tho combustion 

chamber is formed of a glass lamp ohimnoy 
closed at tlio top and bottom by metal damp¬ 
ing plates, separated from the glass by rubber 
Wftshors mid held togotlior by clamping scrows 
on three uprights fixed to tho lower, plate; 
tho wires connootcd to tlio electric ignition 
arrangomont pass through tho uppor plate and 
also a tube for the supply of oxygon. Tho 
whole chamber is immersed in tho water of tho 
calorimoter. An aporturo in tho plato is olosed 
by a ball valvo through which tho products of 
combustion can issue into the water, but wliioh 
prevents tho entry of water into tlio combus¬ 
tion oliambor. On tho completion of tho 
experiment tho valvo is raised, allowing some 
wator to outer j this is afterwards forced 
out by tho oxygen and mixed with tho rest of 
tho wator, thug ensuring that tho caloriinotor 
and its contents are brought to ono tempera- 
turo. To reduce tho radiation Iorscs tho whole 
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CONTRACTION OF AREA AT FRACTURE—DEGREE OF FREEDOM 


Contraction of Amu at Fracture. Seo 
“Elastic Constants, Determination of,” 


§(18). 

Convection of Heat : 

Forced. Sco “ Heat, Convection of,” §§ (1), 
(2), and (3). 

From Fine Wires and Cylinders. See ibid. 

§ (2) (ii.) and § (4) (iv.). 

Natural. Sen ibid. jj§ (1), (4), and {!>)■ 
Cooi.inci Correction, Method of Caloulat- 
ino, in Method of Mixtures : Romford's 
Procedure — Rowland's Mothod. Soo 
“ Calorimetry, Method of Mixtures,” § (7). 
Cooi.inci of Body in Quiescent Gas, Rate 
of ; considered by the method of dimensions. 
See “ Dynamical Similarity, The Principles 


of,” § (28). 

Cooi.inci of Movinci Body in a Gas, Rate of ; 
considered by the method »f dimensions. 
See " Dynamical Similarity, The Principles 

of.” § (30). T ,' 

Comm, Atomic Heat of, at Low I umpera- 
Tuitus j Nomst’s values for, tabulated. See 
“ Calorimetry, Electrical MothodBof," § (11), 


Table VI. 

Copper and Cuprous Oxide, Emissivity 
or; determined by optical pyrometer. Soo 
“ Pyromotry, Optical," § (HI). 

Copper, Solid and Moi.ten, Emissivity 
of; dotorinincd by optical pyromotor. Sec 
“ Pyromotry, Optical,” § (21). 

Copper, Svechfio Heat of : 

At Various Temperatures ; tabulated, with 
the Atomic Heat, See "Calorimetry, 
Elcotrioal Mothods of," § (10), Tablo V., 


§ (12), Tablo VITI. 

Studied by Harper ovor tlie range 15° to 
00° C. See ibid. § (12). 

Corliss Valves for Steam Engines. Soo 
“ Steam Engino, Rcciprooaling,” § (6) (i.). 
Cornish Engine. Sco "Steam Engine, 
Reciprocating," § (13). 

COHRKSrONDINU STATES, VAN DKR WaALS 

Theorem of. Sco “ Thermodynamics,” 
§ (00); “ Tiiormal Expansion,” § (20). 


Counter Instruments : .For measuring 
number of revolutions per unit time. Seo 
“ Motors,” § (1), Vol. III. 

Cranks, Hydraulic. Seo "Hydraulics,” ij (00). 

Crank Effort Diagrams. Sco “ Kinematics 
of Machinory,” § (8). 

Critical Constants for Various Fluids, 
Experimental Values for. See “ Tiiormal 
Expansion,” § (30). 

Critical Point, Temperature and Press¬ 
ure, Definitions of. Sco “ Thermo¬ 
dynamics,” § (37). 

For'Calculation of Critical Data from Van dor 
Wanin' Equation, seo also §§ (B0) and (00). 

Critical Pressure, Refrigeration ahovr 
the. Soo “ Refrigeration,” § (2), Fig. 7. 

Critical Temperature. Tho tomporaturo to 
which a gas must bo oooled boforo it can ho 
liquefied by pressure. If abovo the critical 
tomporaturo it oannnt ho liquefied. Seo 
“ Thorinodynainics,” §§ (37), (42); “ Lique¬ 
faction of Gases.” 

Crosiiy Indicator. Sco " Prcssmo, Moasuro- 
ment of,” § (18) (ii.). 

Crusher Gauges. Soo “ Pressure, Measure¬ 
ment of,” § (14). 

Crystals, Non - isotropic, Expansion of. 
Sco " Thermal Expansion,” §§ (8), (0). 
Tiiormal Conductivity of. Seo “ Heat, Con- 
duo lion of,” § (0). 

Current Meters. Sco “ Hydraulics,” § (12). 
Calibration of Current Motors. Ibid. § (13). 

Cut-off. Tho point of tho stroke at which 
tho supply of stoam to an ongino cylinder 
coascs is called tho “ point of mit-ofl." Sco 
“ Steam Engino, RooiprocaLing,” § (2) (iv.). 

Cycle of Operations for Internal Com- 
rustion Engines. Sco " Engines, Internal 
Combustion,” § (2); "Engines, Thermo- 
dynaniios of Internal Combustion,” §§ (2), 
(28); " Thermodynamics,” § (8). 

Cycloidal Teeth. Soo " Kinematics of 
Machinery," § (D). 

Cylinders, Sthenoth of. Sco " Struoturcs, 
Strongth of," § (31). 


— D 

Daimler-Lanoiiester Worm Gear Testing 
Machine, Sco “Dynamomotors,” §(0) (i.). 

Dalton's Law op Partial Pressures 
in Gaseous Mixtures. Sco “Thermo¬ 
dynamics,” § (02). For proof of Dalton’s 
law on tho molecular theory of gases soo 
also § (00). 

Damped Harmonic) Motion. If tho dis¬ 
placement of a point from its equilibrium 
position is given by an expression of tho 
form ne-fd sin (ul + e ) tho motion is said 
bo bo damped harmonics motion. 

Day, Clement, and Sosman, 1008-1012; 
comparison of gas-thormomotor with second¬ 


ary standards of tomporaturo in rnngo BOO 0 
to* 1000°. Soo “ Temperature, Realisation 
of Absoluto Scalo of," § (30) (xiv.). 

Dudley's Experiments on Fluid Friction. 
Tablos. Sco " Friction,” § (28). 

Deflection of Beams. Sco “ Structures, 
Strongth of,” § (9). 

Deflection Diagram for a Frame. Seo 
“ Structural, Strength of,” § (24). 

Degree of Freedom, Definition of. Soo 
“ Kinomaties of Machinery,” § (2). 

Degree of Freedom, Equipartition of 
Energy amongst each. Sco “Thermo¬ 
dynamics,” § (00). 



DENSITY OP SOLID—DYNAMICAL SIMILARITY, THIS PRINCIPLES OF 81 


Density of Solid, compared with that of 
!icfui<i, for various substances, tubulated. 
Soo “ Tliormal Expansion,” § (81), 
DEVELOPED AlIEA op A SCREW-PROPELLER, is 
the s»m of tho actual aroiis of the blades 
irrespective) of shape. See “ Ship Resistance 
anil Propulsion,” § (41), 

Beville and Thoost, 1857, used iodino in a 
bulb of porcelain to coinparo gas-tliermo- 
niotors with secondary standards of tem¬ 
perature in tho tango 500° to 1000°. See 
“ Temperature, Realisation of Absolute 
Scab of,” § (80) (iii.). 

Diaphragm Pressure Gauge. Soo “ Prossuro, 
Measurement of,” § (21). 

Diesel Engine, Soo ‘‘Engines, Thormo- 
dynamies of Internal Combustion,” §§ (81) 
and (50); “ Engines, Internal Combustion 
§ (15) siq. 

DiETEiaor, Experiments op, in determination 
of Latent Heat of Stoam. Sco “ Latent 
Heat," § (]) (ii.), 

Differential Pulley Ri.oaic — Weston’s 
Principle. See “Mochanioal Powors,” 

. § (2) (ii.). 

Diffusion, Increase of Entropy due to. 

See “ Thormodynamies,” § (02). 

Diffusion Rumps. . Sco 11 Air-pumps,” § (41). 

C!Redo's. See “ Air-pumps,” § (42). 
Diffosivity : 

Definition of Tliormal. See “ Heat, C'on- 
duotion of,” §§ (2) (ii,) and (12). 

Thermal, of Soil. Soo ibid. § (12) (i.), 
Tahlo VI. 

Thermal, of Various Substances. Sco 
ibid. Table VII. 

Dimensional Formula of a Physical 
Quantity. An expression showing wliioh 
of tho fundamental units ontor into tho unit 
of tho quantity, with thoir dimensions, e.g. 

[F]-i;mlt-»], 

F being tho unit of foroo, M, L, T those of 
mass, length, and time. 

Dimensions of Electric and Magnetic 
Quantities : Electrostatics. Soo “ Dyna- 
mioal Similarity, Tho Principles of,” § (85). 
Dimensions, Homogeneity of, in a Physical 
Equation : tho fundamental principle that 
all the tonus in any equation hairing a 
physical signifioaneo must necessarily liavo 
identical (limonsiouH. See “ Dynamical 
Similarity, Tho Principles of,” § (5)'. 

Disc, Theory of the Sectored, used in 
radiation pyromotry to cut down the radia¬ 
tion by a definite fraction ho that the same 
galvanometer dolleetion is obtained for two 
different temperatures of the radiator. See 
“ Pyromotry, Total Radiation," § (5). 

Disc- area Ratio of a iSchibw-propellek is 
the ratio of the sum of tho actual areas of 
tho blades (i.o, the developed area) to tho 
area swept out by the tips of the blades, 


Seo “Ship Resistance and Propulsion," 
§§ (41) ami (44). 

Displacement Diagrams for Points in 
a Mechanism. Seo “ Kinematics of 
Machinery,” § (4). 

Dorihe-McInnes Indicator. Sco “Pressure, 
Measurement of,” § (18) (iii.), 

Douhlf. - aotino Engine. Sco “Steam 
Engine, Reciprocating,” § (2). 

Drifting Test of M etals. Sco " Elastic 
Constants, Determination of," §(84). 

Drop Test of Tyiies. See “Elustio Con¬ 
stants, Determination of,” § (30), 

Droi> - Valves for Steam Engines. Sen 
“Steam Engine, Reciprocating,” § (5) (ii.). 
Ductility, Work shoe- Test for. Seo 
“ Elastic Constants, Determination of,” 
§(14). 

Dynamical Equations in Terms of Dis¬ 
placement, for an Electric Solid. Sco 
“ Elasticity, Theory of," § (7). 

Dynamical Equations in Terms of Stress, 
for an Elastic Solid. See “ Elasticity, 
Theory of," § (ii), 

DYNAMICAL SIMILARITY, THE 
PRINCIPLES OF 
I. General Phincii'lks 
§ (1) General, —Scientific research coneornn 
itself with tho discovery and expressions of 
laws as oxuot relations hetweon physical 
quantities of different kinds. Involved in 
tho expression for tho magnitude of any Biieb 
quantity aro two conceptions—tho nature or 
kind of unit in terms of which it in represented, 
and tho magnitude or number of times tho 
unit occurs in tho physical quantity considered. 
Thus, in tho statement that tho earth’s 
diameter is 8000 miles, tlioro in implied the 
nature of tho fundamental unit (inila) in terms 
of which tho dirunotor is measured, and the 
nu in her (8000) of these units wliioh nro present 
in tho physical quantity. H the whole function 
of scientific research consisted in a compari¬ 
son of quantities of tho same kind tlion tho 
desiderata in tho selection of a unit could 
bo easily doflncd, and would merely involve 
snob considerations ns tlofinilonusH, mm- 
susceptibility to sCoular change, and capability 
of ncourato comparison with the quantities to 
bo expressed in terms of it. iSinco, howover, 
research in its wider swoop investigates and 
expresses relations Irotwecn quantities of such 
different kinds ns forces, tempera tu res, 
magnetic moments, oto,, it follows that, for 
simplicity and clearness, not moroly niii&fc 
these units bo soleoted to satisfy the abovo 
requirements, but only suoh unite must bo 
ucooptod ns express nil tho quantities con¬ 
cerned in tho simplest manner possible in 
tormsof the minimum number of independent 
units, 


vole I 
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.DYNAMICAL SIMILARITY, THU HlUAUirnua ur 


§ (2) Stack Units—F or mere geometrical 
relations which are expressions of space truths 
involving lengths, areas, and volumes, it is 
clear that only one independent unit is 
required, which. Apart from convenience and 
form, may arbitrarily he selected as the 
unit of length, of area, or of volume. 11, 
for example, V, the unit of volume, ho taken 
as the standard dimension, then si nee the 
product of three lengths provides a volume, 
the dimensions of length would bo V and 
that of area Vl It is obvious that tho 
clearest and, to us, the simplest expressions 
will ho obtained by choosing as our standard 
unit a length L, giving us dimensions of area 
L a and volume IA . , 

(j (3) Rink,math; Units. —Passing to laws 
involving kinematic considerations it becomes ' 
at once clear that a new unit must bo inlro- 
dueod to provide a measure of motion, a 
change in length with timo; and once nn.ro 
the simplest mode of representation is arrived 
at by choosing, not a unit for speed or accelera¬ 
tion’ and hence expressing tho fundamental 
idea of timo in a inoro or Iohs complicatodform, 
but by selecting a unit for timo, say T. Speeds 
and accelerations are then at once seen to 
have the dimensions L/T and L/T 4 respectively. 

§ {4) Dynamical Units. — But tho two 
units of length and timo uro not in themselves 
Biilliuicut to specify quantities which arise im- 
mediatoly we enter tho domain of dynamics. 
At tho basis of this sootion of analysis lies tho 
fundamental idea of force and its representa¬ 
tions in terms of mass and micolomtion. 
Uoforo a full expression for tho dimensions of 
dyimmioal quantities can tiioroforo bo set out, 
either ft new unit of fereo must ho introduced 
in'terms of which, by NowUm’s Second Law, 
tiie dimension of mass could bo expressed, or 
a unit of mass must ho presumed and tho 
dimensions of dynamical quantities derived 
from it. Once inoro for reasons of simplicity 
wo choose tiie latter. Accordingly, writing 
M as tho dimension of tho mass unit, tho 
following table of quantities mid their dimen¬ 
sional representation may bo drawn up: 


. QlMUtltf. IHliiMnlmi. 
Length . . L 
Timo . . . T 
Muss . . . M 
Linear speed, LT" 1 
Angular speed 'L'" 1 
Acceleration . LT~ 4 
Momentum . MLT"‘ 


q.untUy. iilinoMliiu. 

Forco .... MI.T” 9 
Kinotio energy . ML 2 '.!' - * 
ImpulRo . . . MLT'l 

Work ; . . . MIAT- 2 

Moment o£ fame . ML 4 !’"* 
Moment of Inertia MI.* 
Density . . . ML" 3 


M 


§ (fi) HOMOIIKNKITV OK DlMKNHIONH IN A 
Physical JSqiiatiok.—S inco the mathematical 
formulation of any physical law is a statement 
of equality or relationship hotween physicnl 
quantities necessarily of like nature, sinco 
indeed a force cannot bo added to a mass 
but only to another force, nor a temperature 


equated to an electric charge but only to 
another temperature, it follows that all tho 
terms in any equation having a physical 
significance must necessarily have identical 
dimensions. In the expression for the velocity 
acquired by a particle in vacuo dropped from 
rest under gravity, for example, 
v-~ 2</lt, 

the dimensions of the left-hand side are 
(LT- , )*=L s T- a , 

while on the right-huml side they are 
LT-«xL=L*T-®, 

the constant being of course mm - dimen¬ 
sional. This fundamental principle serves not 
merely us a cheek oil tho intelligibility of any 
formula derived either on experimental or on 
theoretical grounds, but civil he turned to 
much greater advantage by providing a priori 
information regarding the form which the 
result of any investigation ought to tnko. It 
will become apparent as tho subject develops 
that thoro exists hero a potent weapon for a 
preliminary analysis of any proposed problem. 
Particularly is this true in tho realms of 
physios and engineering. 

The method that may bo adopted will 
become apparent from a fow simple dynamical 
illustrations. Lot us assume that the time of 
oscillation of a pendulum in vacuo is tho prob¬ 
lem for analysis, in order to determine how 
the period depends on the length of the huh- 
pension, the mass of the pendulum bob, and 
tho value of gravity. Without a preliminary 
analysis along tho present lines, and failing a 
comploto mathematical investigation, it would 
appear at first sight that a complete experi¬ 
mental study of tho problem would involve, a 
threefold series of experiments corresponding 
to variations in length of suspension, mass 
of bob, and gravity. Consider the physical 
factors upon which the period might possibly 
bo dependent. They are, mass of bob m, 
length of suspension l, value of gravity {/, the 
form of attachment possibly, and tho shape 
of tho bob. The last two factors may or may 
not outer, but in any case it is not clear how 
they can be directly introduced by any single 
convenient symbol. Let us assume then that 
in all the experiments these are invariant, and 
therefore from our a priori knowledge wo affirm 

1, (j), 

where/represents tho function which requires 
determination. Lot us suppose this expanded 
in a power series in W, l, aud j/, so that 
t=2Awi*f v (/ ! , where tho terms A arc constants 
independent of hi, l, and g and functions only 
of the shape of tho bob. This much, however, 
wo can affirm, that each torm in tho expression 
must of necessity represent a quantity of the- 
naturo of time, and must theroforo have tho 
same dimensions as l. 



DYNAMICAL SIMILARITY, THIS PRINCIPLES OF 


Now l/lio dimensions of 
m*l v tj z tiro M*L l '(LT _a )* = 
and equaling these to Min dimensions of t wo 
find 

a:=fl, // + - = (), -2s=l t 



wlicro c is Homo unknown constant. A pto- 
iiininniy analysis of tlio problem has now re¬ 
duced tlio necessity for a threefold sob of 
ox|Kirim<mIs to nno experiment, and one only, 
to dctnrmino tlio value of c. Wo have shown 
in fact that there, are not in reality three 
variables in, I, an d g i n the problem, but one 
single variahlo /V(r///) which groups together 
a whole system of experiments ns essentially 
of tlio same type. What then is the common 
principle that runs through the problems of 
the times of oscillations of pondula of different 
lengths under different values of y, that it 
should ho possible to group them together ? 
What is the physical or dynamical significance 
of this grouping ? 

§((S) Dynamkjat. SimiIiAiuty. —In the fore¬ 
going analysis wo might equally well have 
taken L to represent the time taken for the 
pendulum to swing out to a given angle «, 
then t~c'V(lld), whom o is now constant, 
when a is constant. It follown at once that 
if two pondula of lengths l L and l it at different 
points on the earth’s surface such that 
gravity is (/, and <j. 2 respectively, nro allowed 
to swing, then at all times f t and l 3 such that 
/, v / {(72^7). the pondula will lie dis¬ 

placed by equal angles. A series of photo¬ 
graphs oil plates of the same size takon of all 
such pondula at any such series of correspond- 
ing times ivill he identical. Tlio geometrical 
configuration for all such corresponding times 
aro similar. Systems in motion which can thus 
he grouped together quite generally as pass¬ 
ing through geometrically identical phases for 
equal values of a non-dimensional grouping of 
corresponding quantities—in t he ab ove case 
for equal value's evidently of t\Z{(i/l) —aro said 
to possess dynamical similarity. 

,§(7) Application to Pautiomi Dynamics. 
V-Oousidcr a further oxamplo from particle 
dynamics. A particle of unit mass is pro¬ 
jected with velocity V in a field of force such 
that the acceleration at any point (x, y) is 
A(«, ?/), what information relative to the dis¬ 
tance traversed after any lime is supplied by 
the method of dimensions ? For this purpose 
lot. us wrilo A(x, y) —-a, n(.r, y), whero a is the 
actual acceleration at some special point, any 
'the point of projection and o.{x, y) is the func¬ 
tion giving, as it were, the law of distribution 
of acceleration. Under Lheso eiroumsUnees 




since both A(x, y) and a are uccelcrnl inusi. 

y) must hoof y,en> dimensions. Uestiielini* 
ourselves then to a Holies of problems I'm 
which this law of distribution renin ins im- 

changed although the magnitude of the ..I 

oration at any point may vary— i.c. the fund inn 
« remains unaffected, imt a varies limn 
problem to problem—wo may say that S, tin* 
distance traversed after any time/, is a iimerinii 
of V, the velocity of projection, a the mournin' 
of the acceleration, mid l the time, i.c. 

S=/<V, «. I). 

Wriling as before 

S = 2A Y x <i»l s , 

and equating dimensions, wo had 
(I,) 1 = x -t- iy. . x —l - //, 

(T) 0=*-l 

.-. S=iJAV‘-W^=Vf.2A^ 


Since y is quite nrliitiury and may have any 
value whatsoever while still satisfying the 
dimensional conditions, this implies that 


8=Vf. 



where F represents an arbitrary function. The 
particular ease of constant acceleration atone 
the ilircotimi of motion giving the well-kmm u 
formula 

N—V/-I- .Ju£ 3 

is readily seen to be of this form, for it may b" 
written 

!=Vf[nj-v} 


M- 


§ (8) Non • ni.MKNHioNAi. Vaiuami.hu. li 
should be parlieulnrly remarked that lb*, 
jirolilein lias reduced itself In Mxidetoniiiiiallon 
of the relation between two non-dimoinilniiul 
groups of terms »S/Vf and ut/V, the fiinrlhmul 
relation between tlio two depending' purely mi 
tlio geometrical conditions of tlio problem mol 
in nowise on the dynamical principles in 
volved. In (lie same way the ease of I lie 
oscillating pendulum wns reduced to the tleh i 
mination of the value of the single mm 
dimensional group of terms, <V(f//f) ns a on i. 
number. 

In general, it will be Been that for dynamical 
problems, at most three equations emu !>■’ 
obtained from the dimensions of iiiiihm, leiqdh, 
and time, although there may he less if am 
of tlieso be absent. In gotioml, tliorefun-, |t 
thoro are n quantities upon which the wlndc 
funetiomvl relation depends, the indices «.( 
lliroo of tlioso quantities*oan be expressed in 
lornm of the others, and thoro will lie left n 
rehition between « - 3 nim-diincnsioim] gnut|ri 
of terms. 

§ (9) Al>I»r,IOATtON TO Fr.ANGTAUV Tllliom. 
—As a further oxamplo of a slightly diliVn iit 
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nature showing tho insight here provided into 
a problom without actually analysing in detail 
tho dynamical conditions, consider what may 
bo deduced from Neivton’a Gravitational Law, 
regarding tho periodic! times of planets. 

The attractive force between two planets of masses 
}»! and »i 2 at distance r apart is, according to Nowtnn, 


Accordingly the dimensions 1 of k, a gravitational 
constant, arc 

Vi ]=[Fj x r-r 9 -1 - (MI,T- a XL*M- 9 )-I^M- 1 T- a . 

If d ho tho major axis of tho orbit of a planet of mass 
13 moving round a central sun 8, then r, the periodic 
time of tho motion, can depend only on il, 13, S, and k, 

r=/(cZ, 33, 8, 

... T=[r]«[rf'E»S*i“l 
= J^+SuJpf+* - iiqy 2l», 

Hence otpiating like dimensions 

*+3u-0, u+z-u^n, —2m = I, 
<J=-z-b J, 

T-2A(R(fcE)-lQ' 

" *M ’ 

From which Kepler’s Third Planetary Law 
follows immediately, that tho square of tho 
poriodio time is proportional to tho oubo of 
tho major axis of tho orbit. 

But it is not in tho hold of pure dynamics 
that tho method hero developed receives its 
most fruitful applications. In almost all 
branches of physics a preliminary analysis of 
any problom that requires investigation, pro¬ 
vides an insight into tho main factors which 
are at work, and thus gonerally indicates tho 
diroot ion in which tho research should bo 
dovolnpod. 

Iii aerodynamics and aoro-ongineoring, for 
example, wo aro oonoornpd with the laws of 
^‘ijr resistance to bndiqUTof various shapes, fttul^ 
w it,^\th° ratesjrf^which hcalcnlJigdics.owClt 
will cool in a oitrfciit of 
air. J Especially during rccont years have 
inuumorablo problems of this nature arisen 
which, becauso of tlio coin pi ox and intricate 
mathoniaticttl oxprossioiiR for tlio physical 
laws involved, havo not yot yielded to 
theoretical analysis. On tlio experimental 
side, howover, a considerable amount of work 
hns boon curried out, frequently without 
according the results tho full interpretation 
that might have boon given them from tho 
present standpoint. It will become evident 
that only by an analysis along tho lines 

write symbolically in 


developed here can the full mid most reason¬ 
able interpretation for any such work be 
obtained. 

§ (10) Application to tiik Motion op 
Fluids. —In dealing with the mol ion of Hinds 
it is necessary, in tho first instance, to sot out 
in detail the defining properties of that medium, 
quite, apart from any theories regarding tho 
molecular constitution of tho fluid—liquid or 
gas. In the selection of mush definitive pro¬ 
perties, then, wo are only concerned with 
those that arc called into notion under tho 
circumstances contemplated in tho problem. 
It suffices accordingly to define any fluid ns 
dense, viscous, and elastic in tho first instance, 
omitting for tho moment those properties 
that become evident on tlio application of 
heat. Other properties may make themselves 
apparent, in spcoinl oircumstances, whilst, even 
some of those enumerated above may in other 
eiroumstane.es become of liLtlo consequence. 
If wo aro concerned, for example, with the 
dripping of liquid from a fcuho, tho clnstio 
properties of the fluid may bo omitted, its 
viscosity may oven play only a minor part, 
while surfneo tension enters ns nn important 
factor sinco tlio problom is dearly affected 
by tho nature of tho conditions at tho surface 
botwcon tho liquid and the air. 

As far ns all theso properties are concerned 
it is possiblo to express their measure, mi 
ill tho case of purely dynamical quantities, 
in terms of tho threo fundamental units of 
mass, longth, and time, from the mere defini¬ 
tion of tho physioal proportion they are intended 
to represent. 

Viscosity, for example, is introduced through 
tho coefficient of viscosity defined by: 

=sviscous force per unit area per unit velocity 
gradient; from which it follows that the 
dimensions of g are 

[/t] = [Force]/!'Area] x [Velocity gradient] 

= (MJ/J'- a )/(L a ) X (T' , ) = ML- l T" 1 . 

As already indicated, density (/>) hns dimen¬ 
sions ML -3 . Surfneo tension (S), defined ns a 
-fbreo per unit length of a ourvo, has therefore 
dimensions 

y 1 ‘ [S] = [Forco]/[Longth]» MT“« 

§ (11) Stmii’AOB Tension. —As an illustra¬ 
tion of tlio use of those expressions, consider 
the question of determining tlio si/.o, of the 
drops of liquid which fall from a tubo of 
givon diameter when tho liquid is allowed to 
flow slowly down the tubo under the influence 
of gravity and capillary force. On general 
physical grounds — on the basis of our 
oxporionco in fact—wo assume initially that 
tlio mass of the drops will depend on tho 
value of tho surfneo tension between tho liquid 
and the air, on tho density of the liquid, and 
possibly on its viscosity; and as far as an 
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**>itiul scrutiny of the question is concerned, 
Idioso would appear to lie the only properties 
l 'f the fluid that ought to outer. On general 
& rounds, moreover, wo aro aware that for slow 
* notions viscosity plays a very minor port, 
* l) id since in the- present instance the motion 
**=• essentially slow sineo tho fluid is only 
^-Lipping, viscosity might legitimately ho 
omitted from the dismission, but whether or 
**.,t tiiis is justifiable is of course definitely 
question of experiment. Thu only other 
Ttiotor that would outer then is the si/.o and 
*Miupo of the tube. Lot tlio diameter ho <1, 
Imt tlio shape onnnot bo introduced by any 
clofinito symbol. 

Let the iimhh ofoaclt drop M lie presumed a function 
of H tlio surface tension, p tlio density,;/ gravity, amid. 

M==/(S, P , a, d). 

-Puking ns u typical term in the expansion of this 
Liinotion ASand writing it dimensionally, wo 
find 

M Q |ni|»|S* /J » ff *d“j-(MT- 9 }*(ML- a )V{LT- a ) s L“. 

I lonon equaling powers of like ilintcimioim 

| ,-2:«--L , ;=“0 l — 3 //-|-s-|-h*“0. 

. •. a- ■=•’ l - y, a » -1 I-1/, ii ■« 1 I- 2//. 


H’Iuj typical term is thus •. 


A8 , - vr uw>, 

„ Srf , / S \ 

••• m 7 ^W- 


From this simple analysis it can coiiHcqucntly 
l)o deduced that the problem under discussion 
*»uist bo regarded as the determination of the 
law (if variation of the non-dimonmonal group 
3Vty/Sd with tlio non - dimensional group 
S/j/pd 2 , and that since tlio form of tlio ap- 
I mroutly arbitrary function i> can depend cm 
nothing but tlio shape of tho tubo, tlio curve 
*>l»tainod by plotting My/8d against 8/j/pd 3 
•will bo characteristio of that shapo of tubo 
zind quite independent of the actual values 
of 8, d, p, etc. Actually, it bus been found 
l>y experiment that M tlio muss of tins drops 
Ih proportional to d the diameter of the tube 
{Tuto’n Law). If wo now tluiroforo exainiuo 
Idio function (&dlu)<!‘{S/(/pd 2 ), it is oloar that 
unless tho function </> ho a moro constant 
INI cannot possibly bo proportional to d, and 
oonscquontly on tlio basis of one sot of in¬ 
vestigations during wliioli d alone is varied, 
■while 8, p, oto. aro maintained constant, it 
oan ))□ deduced that wbon all tlio quantities 
iiro varied 


xvboro tho constant A may ho determined 
from ono experiment. 

In Uio sumo way, if tho drop of liquid ho 
«ot in vibration, tlio frequency n will dopeiul on 


fir, />, d, and S as before, from which, noting 
that [j/J is T* 1 , it can easily he shown that 

§ (12) VlHRATIONS Of A OltAVlTATINO LtQUIl) 
0i.oin:.—A globo of liquid, such ns a planet 
in a fluid state, is hold together by its own 
gravity, and is set into a stale of vibration 
by aomo external disturbs line. What informa¬ 
tion regarding tho frequency of vibration in 
any of its modes can ho derived by the 
Dimensional Method ? 

'I’lic frequency will clearly depend on p tho 
density, d the diameter of the sphere, and k 
tlio gravitational constant, assuming that 
surface tension and viscosity aro without 
influence on tho question. Accordingly 


n=f( P , d, k)= SApW.:’. 

Tho dimensional expressions for each of tho 
quantities <1 and k aro known and have already 
Ijooii used. Inserting tlieso it fellows at onco 
that, x -z — £ ; »/ = 0. 

Honeo . n*r. \/(pb), 
and it appears that tho frequency is in¬ 
dependent of tlio diameter of the sphere and 
proportional to the square root of the density. 

§ (LI) Vbmkiity ow Wavks.—I ly u similar 
process of rousoning it is easy to establish 
the formulae for the wave velocity in tlio onse 
of heavy gravity waves in drop sea, iA -•■y\ 
wlioro ,\ is the wave-length, and iA-uS/\|i for 
sniiill surfaoo-toiiHion waves. 

A clear insight into the principles of 
Similitude Hint lio at the basis of this method 
is host nlTordod by a general treatment of the 
motion of a viscous fluid, correlating many 
apparently diverse phenomena, and laying 
thorn clear as natural eonscqnonces of tlio 
operation of the general principle of Dynamical 
Similarity. 

§ (14 ) Motion ov a Rory in a Visoous 
Fi.oii).—Lot it bo mtppi>8od that a body or 
systom of bodies of given geometrical slmpo, 
and sizo specified by tho length l of some 
portion of the system, is moving with velocity 
V in a fluid of density p and kinomatic viscosity 
v(^HIp), and for tlio moment it will ho 
presumed that the fluid is inelastic. As a 
matter of actual experiment it is found that 
not until tho velocity approaches that of 
sound waves in tho medium do its clastic 
properties mnko themselves apparent. Thun 
tho velocity v at some point of the fluid 
geometrically fixed with reference to tho body 
may quite gonorally bo wiilton as 


-u=0,(V, p, r, l), 

while tho slopo 0 of tho stream lino at that 

point is v , 

0=tf> 2 (V, p,v,l). 


Applying tlio principle of Ilomogoneity of 
Dimensions and romoinhoriiig llmt 0, tho 
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slope, in of «om dimensions being a mere 
number,, it is .found that 

'“<0 ' 

9 = p (t)-' 

Tlio second equation indieat.cn that tho shape 
of tho stream linos and the direction of motion 
at any time depend only on tho value of tho 
non-dimensional group Vl/v, and not on tho 
separate constituents of that group. Tho 
inagnitiulo of tho velocity likewise depends 
on Vl/v and cm V alone. Wo see in fact that 
provided a system of bodies are all geometric¬ 
ally similar, their sizes being different, tho 
systems of stream lines generated are likewise 
similar, provided Vl/v is maintained constant 
throughout the system. 

§ (in) Reynolds’ Numiikr.—A s a matter 
of actual experiment Reynolds, 1 by a brilliant 
scries of Investigations, demonstrated that 
the whole process which takes plaoo during 
the motion of a (laid does not do|>end nlono 
on nny of tho single quantities V, l, v, but 
on tho group ; moreover that for any given 
problom—in his ease the flow of fluid through 
circular pipes— Vl/v is a critical variable, 
which when it attains a certain valuo corre¬ 
sponds to a more or less rapid ehango from 
ono stato of (low to another, from tho steady 
so-called stronin-liuo flow to tho sinuous and 
turbulent stale of eddy formation. Lot us 
suppose then that eddying has originated, 
that is to say that tho fluid on its passage past 
tho obstacle forms in the neighbourhood of tho 
sides of tho latter a systom of ocUlies which 
are shod periodically. 

§(](i) Fiusqdkjwy OF Kiidy Formation.— 
Lot n bo the frequency of those eddies, then 
dearly it can only be a function of V, l, v, and 
p apart from tho geometrical ahapo of tho 
obstacles. 

n--=f(V, l, v, p). 

Roniombering that tho dimension of n is T- 1 
and applying the method of this article, wo 
easily find 

-TO ' 7 

indicating onco more that if Vl/v is maintained 
constant for a series of similarly shaped bodies, 
for suck a system 


Moneo for a given value cif Vl/v, and a given 
fluid so that v is also constant, the frequency 
is proportional to tho squaro of the volooity 
or inversely as tho squaro of the size. 

§ (17) Dynamical Similarity in Tire 
Motion of a Viscous Fluid. —What this 
1 Phil, 5fr«»u, elxxlv. 1)35 ; Colkded U'ort-s. 11. 51. 


implies may bo summarised by sayiiifg \ fill*' 
if a series of bodies all of tho same geniiHd.ri * * 

shapo be moving in a system of ibiids, vim;< , H j * 
r,, r.,, . . . with velocities V,, V a , . . . ( in'* 1 

provided Vl/v is maintained constant, ,t < »' 
graphs of the flow pattern taken on olmuiu i 
graph films of the same size will all ho nlon t.i < ’ 11 * 
ns far as tho consecutive geometrical eon(|^ tl ,mi- 
tioiw of the stream lines and eddying r.v>i{ <■*! * 1 
arc coneerned. 

Tho rates at which tho processed unfold 
themselves will, however, be dillerent, boin^r i 11 
fact determined by the expressions for Lfi«> fe'**' 
queney n, hut clearly if the phntogmpliM 1 
compared at corresponding times as induntl-tt* I 
above, the pictures will ho identical, \y t) 
in fact that the oondition, V//i> "~con»l,j i ■ i <•* 
involves for geometrical similarity of bound¬ 
aries, physical similarity in the motions. 

This idea has been seized upon and uhc >4 1 b «» 
great advantage in aerodynamical ami lutv*** 
arohitoetural analysis, for, ns will ho iimmxH' 
atcly soon, it provides tho basis for the an it I yn i n 
of full-Hoalo problems in aeroplane, umdii)i,, 
unci naval construction, by means of touts oil 
models. 

§(1.8 ) Rmi.ation uetwhhn Kximimi i jm'i-jh; 

on Model and on Furu, .Scale. .g, M di 

analysis, in general, oontrcH itself round tlio 
question of how, from men sure men Is of i.ho 
forces origiimtod during tho motion of tlm 
model, to predict tho corresponding fon-oH 
that will ho called into play during tlio motion 
of a full-scale machine or part. 

Tho details of this will bo given in iuio|.]mm‘ 
section (“Aeronautics Sealo-olToot”), 1 but, for 
tho purposes of the present ttrlielo wo may 
note tlio main principles at work. If IL *• 
resistance of a body of dimension l j ti j (-m 
motion through fluid of density p and vinem-dlv^ *- 
with volooity V, woniaysay that R---/(/>, V, l,i >)„ 
and applying again tlio method of the presnn t. 
article wo easily determine 11 in tho form 

§ (10) Non - dimensional, Ukhihtanoii C '< >- 
EFFICIENT.— Stating tho law of resistniiou in 
tho manner that has been followed in pruvinim 
analysis as a relation between two noil- 
dimensional groups of terms. 



indicating that tho question of the force.** ro* 
sisting a body in its motion through a viw!o*in 
fluid is most properly roprosonled as a mirvu 
allowing tho variation of tho “ resistance 1 ) eo. 
efficient” (non-dimonsional) It/pV-P us on li - 
note, against Reynolds’ non• dimension til 
numbor Vl/v, ns a base. 

§ (20) ClIAllAOTRRIST'IO GuitVIi.— Slloll It 
curve will bo clinraoteristio of that nlinpo * »f 
1 Sco Vol, IV. 
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bmly, hut will ho absolutely independent of 
tins “ scale ” of 1 lio problem mid of the con- 
HisiuDfc not of units in twins of which the 
various fact ora am expressed. If themfom 
by oxjioriinent »n a model of H n airship, 
'aeroplane, or any portion of it, values of Hie 
resistance eoolliciont enn be obtained for a 
snliieiently wide rang,) of Uio single variable 
v// r tho same resistance derivative will bo 
valid for tbo full scnlo at the same vnluo of 
V//i'. In actual practice it is extremely 
dillieult, except in mro cases, to attain a 
miilioienfly wi<lo range of this quantity, mid 
• methods of extrapolation supported by full- 
soale experiments liavo to lie resorted to, * 

Fortunately, extrapolation is greatly simpli¬ 
fied in practice by the fact that for increasing 
values of V//t», the resistance tends to increase 
steadily as the square of the speed, so that 
H/pVT, and consequently J(Vlfv), tends to 
beemno constant. 

S (21) Font) us mini no Acokluhatki) 

Motion,— In the above discussion wo havo 
merely considered the question of tbo forces 
called into play when the body is in sternly 
motion. Cun wo derive from first principles 
any information regarding Uio nuluro of the 
resistance when tbo body, moving under an 
acceleration a, say, pa,sues through tlio velo¬ 
city v, without our having miouroo to the 
complicated mathematics of fluid motion ? 
Employing the huiuo symbols as previously, 
but writing v ns the velocity not of sternly 
motion hut of tlio body at the instant under 
consideration, and a its acceleration at that 
moment, then following the process already 
adopted wo obtain an tlio expression for the 
resistance 

t}- 

where in addition to the non-dimonsional 
group V//t» already obtained, thoro is now 
introduced the expression itl/v* cm which the 
additional resistance depends, not, be it noted, 
mi the acceleration alone, but on tlio variation 
of this group, 

§ (22) Viutuai. Mass.— To determine more 
closely tbo efleet this produces on the resistunce, 
let It -resistance for steady motion at velocity 
v 9 mid H-l-iJIt the rosistiHieo for an auuoloratioii 
term «//«* small compared to unity, then 

n=p»,y(^. o), 

ami 

~pvn a f(” 1 , "h 

o), 

.. *, F(' r 11 "Xl'liuiiitloii nf this, sec " Aeronautics,” 
Yol. IV, 


indicating that the additional force originated 
liy tho uceelomled motion is equal to that 
required to give n muss of fluid i>l :i f,(rljr,0) 
the acceleration a of the holly. But pP in 
proportional to the mass nf the displaced 
Huid, and coiiHei|iiently it follows that for a 
given value of vljv, the effect of neeoloraling 
the motion is to givo mo to mi apparent 
increase in mass proportional to tho muss of 
(ho fluid displaced. 

Measurements of this siwuilled “ virtual 
inusH ” are of importance in the stability of 
airships whore the mass of fluid displaced is 
tho same as the fotid weight of the ship, and 
where consequently the " virtual mans” may 
acquire a eoiiuidnmhlo magnitude. It may 
ho remarked that for investigations of thin 
nature tlio results would naturally bo plotted 
allowing tho variation of tho mm-dimensional 
resistance eoofiieient It fpvH 3 either with rift- 
for various values of «//<>» or conversely, 
and for a complete investigation tho ftill 
range, zero to infinity, of ul/p* must bn 
covered. 

8 (2:t) Hxi'HIUMKNTAL RltTKU.MIN ATION Of 
Viutuai. Mass.— For longitudinal nceolern- 
(ions snob exporiineiiis have lii-cu Hiieeessfnlly 
conducted. 9 A body dropped from rest mill 
allowed (o full in a lluid fill it readies its 
limiting velocity, gives at the conimciicinnent 
of the full v 0 and if and I finite m that 
llioorolioiilly «//»«->.*.: while, when tlio limiting 
velocity is reached a~<>, mill fund v are linile 
so that a photographic ntmiy of (ho ohiiugn in 
motion then provides sufficient data to deter, 
mine tlio virtual mass. 


iNiiiuuroiiH mid careful experiments have 
been eonduotod to test (lit) ueoimiey of (he 
< led notion that for iion-accelomtud motion 
of a viscous fluid (lie statu of ufTairs depends 
merely on tlio vnluo of ? ’Iff, Reynolds, 3 an 
already indicated, showed beyond doubt (hat 
for tho flow of a liquid in a tuba thq pass¬ 
age from steady to sinuous eddying motion 
occurs more or Iras sharply at a ddinilo vnluo 
of tilts number. Ntnnton and Ihmnoll,* f,,|- 
lowing up those experiments, vorilicd Unit, 
for air a similar result held. Ninon then 
numorous predictions from model resulls in 
aeronautionl and marine investigations to full 
sealo havo completely justilied tlio doihiotionu. 
On the other Imnd, it is ulnar Mint the oirmim- 
stances of tho problem must he such as will 
not involve tho origination nf properties of 
tlio medium premimed non-existent. 

§ (21) IflFJjKCV OP (fOAII.'ltKXHI HII.ITV. - Ill 
ballistics, for example, wo are concerned with 
tho motion of a body at speeds approaching 
Uio velocity of sound, so that one might expect 
that not merely would energy lie lost during tlio 

1 Tut hk. It.,S'., /nr. cii. 

* Ibid, A., cexlv. 1 DU-221. 
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million in overcoming viscous forces, hut also 
in Hie production of waves : that is to say, 
wo must now regard tho medium as lining 
ImLli viscous and compressive. Now the 
velocity of Bound iu a medium of elasticity 
.10, density p, and viscosity r, is given generally 

l,y V-/(l«, P , r)^AHyd, 

and wpiatiug like dimeasioiiH wo easily iiml 
a:— A, n~-\, z~0, 

•• ''-VC';)- 

To find the modified expression for tlio resist¬ 
ance in this ease wo write 


H«/(/». V, l, v, K), 

and following the normal procedure wo dorivo 



wliero V in the velocity of wniml in tho medium, 
indicating that for a given valuo of vl/v, tho 
resistance ooolTieient dejmiula solely on the 
ratio of tho velocity of tho projeotilo to tho 
velocity of Hound. 

§ (2i») ISiwkut of Rotation : Ruoi'EI-i.uh : 
SiiKM,.—If in addition tho body possesses a 
spin SI duo to rifling, there would bo present a 
term llljv. 


. It Jvl v Ul\ 

' ‘ 'pv*P~ J \Y Y ~v)' 

Two points of importance may be noted. In 
the first place for such high speeds ns would 
(iftuso tho elasticity of tho medium to play an 
important part, tho valuo of vl/v would in 
general bo ho largo as already to ho woll abovo 
tho range for so-called scale variation for tho 
viscous forces • that is to say, further increase) 
in value of tho torn) vljv would have no marked 
infiuoyco on tlio value of tho resistance co¬ 
efficient, In tlio second place, problems of 
prauticul importance involving tlio rotation 
of moving bodies divide thomsolvos under two 
heads i llitiso in which tho term ill/n is of 
primo importance ns in tho ease of the pro- 
pollor; mid those in which tho spin has no 
appreciable effect on tlio rcxiatuncu as in tho 
onso of bodies syimnotrical about tho axis of 
rotation—shells, bullets, etc. In tlio latter 
onso tho rotation exists only for purposes of 
stability and directivity, and plays no measur¬ 
able part in n fleeting tho resistance. 1 Re¬ 
stricting ourselves to the second, part, ex peri-- 
monfs on ballistics conducted prior to and 
during Lite war (1014-18) Jiavo succeeded in 
providing a more or lees complete representa¬ 
tion of tho forces on a projootilo (shell) for 


A discussion of tho performance of propellers ns 
a function of tho mm-iHinnnsloiml group ftf/e will 
ho found under " Propellers." 


speeds varying up to and well over 20011 fool- 
per second, It is found that plotting 
tho resistance) coefficient, against v/V, tho oiirvo 
remains practically straight and horizonta 1 
until a speed approaching that of sound i^ 
attained, when it rises steeply and turning 
at tho critical speed diminishes slowly. 1 
appears thou that in the region of this oritionI 
speed properties of tho medium miter which i*|» 
to that point play no part. Tho most natural 
ium-diinensioual huso for representation thou 
changes from vljv at low speeds to r/V at higrh 
8(MK!Cl8. 

It may ho mentioned in passing that in tlm 
case of tho screw motion of a body not hvui- 
metrical about tho axis of rotation, snob iih «v 
propeller for example, our discussion so fur 
implies that at speeds at which the viwsmm 
scitlo ofTcot duo to the presence) of tho vtf•' 
term is no longer of importance as a varum ft, 
the term Uljt) will become the principal mm- 
dimensional base of variation until tho npeenlu 
developed approach tlio velocity of sound, 
when tho now fueler v/V will begin to oxoroiMo 
an increasing influence. Tho nnUolpntion tlntb 
at such high speeds a critical state will sot in 
is fully homo out by experiment, 

Ry tho method of this chapter it is evident 
that tho expression for tho pitch of tlio nolo 
produced by tho rotation of a propeller ut 
normal speeds will he given by 

»=>v(v). 

while for cxeossivo speeds 



Jj’or such an instrument ns an Aeolian harp 
if d —diameter of wires, tlio pitch of the nol o in 

v . (vtl\ 

Actually Strouhnl lias found experimentally 
nLc(v/d) indicating that tlio function is a more 
constant, It should be remarked that m 
similar expression was found for tho period 
of the eddies produced by tho passage of Ifm 
wind past tlio wires, thus suggesting tho 
connection between the two phenomena, 

§ (2(1) 1 Induction of Savart’s Law.—A n 
interesting illustration of tlio power possessed 
by tlio dimensional method of reducing experi¬ 
mental investigation to tho necessary minimum 
is afforded by tho investigations of Savart 2 on 
tlio notes soundod by simitar vessels contain¬ 
ing air. Tlio law proposed by him after nil 
elaborate series of experiments over oxtromo 
limits; many notes, and numerous shapes of 
resonating boxes, was that tlio number of 
vibrations per second, or pitch of tho resonating 

1 Annalcs do Chitnie, 1’iirin, 18!i5, xxix. 
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n>to, is inversely |»j-(>) n»rti< nml to tho linoai' 
limoiisions of tho vessel. Ilis experiments 
ticlndcd tests on boxes in tlio shape of cubes, 
a'ismatio lubes, conical pipes, etc., all of 
vbich were set resonating in different ways. 
This result, to establish which required stieli an 
ilabomte series of experiments, can bo seen to 
ollow at once from dimtmsioiial considerations, 
or, if n lie the number of vibrations per 
oeond, E and /> be the elasticity and density 
>f I be medium mid l a linear dimension of Llio 
»ox, then «:-/(/, 10, p) and remembering that 
w|', j 101 M I, - *T - - anil_jp | ~-M L* a , it 
s easily aeon Unit w-cd/f V(E/p) whore the 
onstanl of proportionality depends purely 
si tlio shape of the vessel: Savarl’s Law 
ollows at mice. 

§ (27) Thmi’Khatuhe. —In tho foregoing dis- 
ussion it lias been presumed llmt the tempera- 
lire of the medium remains constant, or at 
ny rate it does not bring into prominence 
ny new property of tho medium. It is now 
iroposed to remove this restriction, The 
(inception of temperature is ol' an essentially 
ilforont nature from any of those we have 
Iready dismissed. Tlio smile of temperature 
i selected to provide some basis for tlio 
leasuronient of “hotness” of u body. 
Laving at our disposal standards of mass, 
mgth.and time only, it is manifestly impossible 
y means of them to determine or reproduce a 
unpemture; for this purpose some other 
roperty of inutter ns affected by henL must 
o selected to serve ns a standard of mensimi- 
loiit. Accordingly, it lieeoines necessary at 
lis stage to introduce a new unit 0 of 
nnporature, and in terms of this and the 
nits already adopted it should lie possible to 
rite down with comparative ease the dimon- 
onal expressions for tlio quantities that now 
■iso. 

In dealing witli tho conduction and eon- 
lotion of limit there are two eoellieients, 
mmotoristio of any purtimiliir substance, 
hose dimensions will he required; they are, 
quantity measuring the amount of limit 
ait must bo given to raise unit volume of 
in medium through unit dogroo of tompmii- 
iro, and a quantity measuring the heat Lrans- 
rrorl aoross n soetion of unit depth and unit 
or in unit time for unit difference in 
mpernturo. Those quantities are of course 
speetivoly the spuoilio heat (c) and tlio 
ormal conductivity (k) of the medium. 
Expressing heat entirely in terms of energy 
lits whore it occurs, it then follows Unit 

[c] —[Hcat]/[VoI.| X [Tomp.]- ML' , T' a O" 1 , 
[/,)]-[llcatj/[Longllij x [Time] x [Temp.] 

^ MI/I.'- 3 (H. 

i (lonucotion with ninny problems of convco- 
m, tlio effect of the expansion of tho air 


under tlio influence of the healed surfaces may 
attain some considerable importance in Hie 
traiiBrnission of the Ileal, and as a consequence 
the quantity 5 is introduced, representing I lie 
change in density per unit change in lein 



.-. |75] = ML- 3 0-'. 

I) ( 2 H) Katk ok (‘ooi.ino ok lioov es 
QuiewuvNT (Ias.—A s an illustration of !li.< 
utility of tho method of dimensions in llio 
discussion <>f problems of eouliug, eimsidcr 
the mlo of loss of beat ft of a body of given 
shape, of size / of one pail, in a quiescent 
atmosphere of density /) and kiiieuiiif in 
viscosity r, If /.• and is have (ho nicaiiings 
previously uUnched to llu-m and 0 he llio 
tern 11 era turn difference imiinlaiiicd between Hie 
body and tho gas at a great distil nee, at which 
the latler is undisturbed by llio presence of 
tho body. It will lie jusliliitblo to wrilo 

b-J(h k, <■, p, 0), 

assuming llmt in Ibis ease (lie changes in 
density with tciiipcrntiiro are nut sufficient to 
nlfeoL tho question. Tlio nmdilicutions intro- 
duel'll if (his condition in violated will lie 
apparent, and adjustment easily made. 

Imagining the function f expanded mi in |.ivviuni 
illicitnilimm in the form 

(lien |A|'d/'Jl-*rV‘.- l '()“'|. 

The liillHUlHidliH of A, (lm rate of In al hmu, m e I leone of 
(I lent I/CJ'imn) A11 . 3 T “ ;| . 

flllW-B| /'K-i-SM I Uv jpl;11. •|> aie.::.- e 

(I v " a l*'■ , 

f.MJ .. . y l-z l-M-- I |L|. .. x \-t/ --z- -flu 

•I2a.'2i 

ITI . . . Ih/ | | I«- -!! |OJ . ,.,»/ 1-5- -W‘ •(>,• 

.‘. .r- ‘l- ‘.lit, //= :| i lia-e. 
ss=»—il« ■la, «o *d- u. 

This provides a typical term in (ho expan¬ 
sion in the form 



and consequently sineo «, v, and Mm numerical 
coefficient of ouch term may as fur an can, 
boro lm determined have any value what¬ 
soever, it is to be concluded Unit 

k)' 

Whotlior or not all the quandtics which linvo 
linen assumed of importance in the drier* 
m illation of h nctimlly do on lee is a question 
to bo decided only by experiment, to which 
wo shall return shortly, 

§ (20) Non - IMMENKJONAI. VaHJANTS," Kill* 
the moment it can lie oinieludtui tlmt llio 
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problem uf rate of cooling in (his instance 
reduces itself to a consideration of the varia¬ 
tion not of k alone, but of the noti-dimoiisiiuinl 
group ItflLO with the non-dimensional variants 
pb^/l-aH) and c.vjk, If we arc dealing with tlio 
rate of cooling in gases then practically c.^jk, 
the ratio of the cmissivities for momentum 
ami for heat, is a constant for all gases, and 
consequently this term may ho omitted from 
the function /. 

A considerable number of ox peri menial 
investigations luivo been conducted on thin 
problem and in all cases it has been found 
that the rate of heat loss varies directly ns 
the Lomporaturo (iifforenco G. In effect this 
implies that A/0 is independent of G and Hint 
consequently /(k-pflWO) above is a constant, 
H o nee 

h = a!b 0 , 

indicating that tlio rato of cooling is pro¬ 
portional to tlio size of the body and to tlio 
conductivity. The eoollicionb a depends of 
course on tlio shape of the cooling body. 

If. however, it is illegitimate to assume that 
the expansion of the gas duo to heating is 
negligible us a factor in heat transmission, but 
that the expanded portions becoming t hero by 
relatively lightov will tond to stream upwards, 
Rml as a consoijunnao the heavier portions 
downwards, anew tor in introducing the olmngo 
in weight , of unit volumo per unit change 
in tomporatnro must bo considered. Much u 
factor is uf course y(dp/t)0) or gS. 
lloiico gonoraliy 

h=J(l, b, c, p, i-, G, gS), 

anil following tlio lines of tlio previous argu¬ 
ment 

»-**&& pty 

For the reasons adduced in the fnrinor case, 
the fluid form miflieiontiy approximate for all 
practical purposes is 



provided the problom is restricted to Jicivt 
transmission in gases, Tho form of the 
fiinoliou x, depending as it does on tho shape 
of tlio body under consideration, will now 
bo completely determined graphically from 
a single set of experiments for which the non- 
dimensional group Ig8fc is allowed to vary 
over n range, for caoh point of which tho non- 
dimonsionu] form hjlkO is measured. Tlio 
resulting curve obtained, invariable for all 
systoms of units, will then bo dinracteristic 
of those special boundaries. 

§ (HO) Hath of Coouno of a Movino Body 
IN a Hah,—P roblems of great praolionl import- 
aiico aviso in oonncotioii with tlio rato of heat 
transmission from bodies in motion in the air, 
us in tho case of radiators and air-cooled 


engines. In these problems the rates of ] ( .,i t 
transmission will actually depend on tho ti n rid' 
latioiiiil velocity V in addition to tins quan ( jt»*4 
already cinniier.itcd above, '[’lie hitm<[ 1l( ,| g, 
of this extra symbol, ns civil easily In- void t it* 1 * 
by an application of the dimensional mold*, I * 
gives riso to the “fluid motion” term \ r f/*' 
in the functional expression. If undei- 
circumstances it can legitimately be prcKu n n ’* * 
that the term brought in by the rate of ulning?*’ 
of density would not materially affect (,| H , 
of heat transmission, an assumption that, w'iH 
bo examined shortly, then, for reasons alr<>| L ( 1 y r 
sot forth, 

or, since ci’/b is constant for it gas, 



§ (D1) KxiMWIMKNTAT. .1)UTKUMINATK) N 1* 
Unknown Function.— In the ease of 
loss from long circular wires past udiiofi uir 
is streaming with velocity V, it has been fount I 1 
that h varies approximately as V 1 . if for 
tho moment this bo accepted as correct, it i» 
posniblo immediately to dotorinina tho foi-m 
of tho function, for tho only expression for *f* 
such ns wilt make /ice V* is A \ r ( VI/i'j. I f 
the wire, moreover, is of diameter «, it is qu iio 
legitimate to substiluto u for l in this term, in 
order that whan tlio wire is of inlinilo iongl li 
thoro may result a finite heat Joss per unit> 
longth. It follows, therefore, on tho foroj^oiitjj; 
assumption that 

wiiioo cu/k is constant-. 

Tlio most rational method of represent.ing* 
graphically the experimental results mforj-oti 
to above wouhl bo by plotting tho non- 
dimonsi imivl te rm hjlkO on the non-dinuumioiiiil 
base \/(V«/r) or J(aVc./!>■), from which, if tins 
almvo law is oxaet, a straight lino would l»o 
obtained cliaraoteristic of Unit parlioulnr nlmjio 
of wire. 

§ (32) Dynamical 8imxi.a«ity,— It shoubl 
bo remarked that if Vljp and OcfpV 2 am 
maintained constant from problom to pmhhon, 
tho system of stream lines and state of How 
genornlly will remain goomotrieaily similai', 
for tlio velocity v at any point geomotriim lly 
fixed with respect to tho body will be of tlio 
form v _ (tv VI 0& \ 

v~ J \k‘ V’ pvy> 

and tlio argument follows olosoly that ad<»plr , « 1 » 
in tho onao of tho motion of viscous flvii-rlw,. * 
alrendy outlined. { 

Moro recent investigations of tho rato of « 
cooling-of wires in a current of air, by L. V. \, 

1 RursoII, Phil. Mag., 1 () 11), xx. fit) I. i 
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In*vo shown llus preseneo of another 
icsides |.luiL involving V fj , viz. it term 
limml to the si|uarts of itirs linear dimcn- 
»f tlm lint hotly. King [ n f (l( q found 
done) approximation to tlio results ho 
sti f« »r the mtis of hunt transmission wan 
*.V LI H! tmi pirioal fonnuht 


h — (0 - () 0 )l [A s^Vti li -|- Gw), 

A, H, mid C arts constants for the 
dnr gas and sliupo of wire—circular in 
no. L. If, Hiohardson a has miggcslcd 
he presence of tins term c{0-0 e )!n 
o.s that Mio velocity near the hut body 
I.V 1 1 rod need by the rising of lluicl duo 
■nuvl. oxpansion. It followH, therefore, 
i« Hound, Unit tho additional term 
to bo expressible in terms 'of the 
rint.d group already referred to, viz. 
1 , 10 . 

) -M OHM ACIOlntATK UkTKUM I NATION OK 
•WM Eu notion. —Writing Ihoieforo 


ivoii (in (liiiieiiHioual reasoning, and 
ig Mils to the ompirieal formula found 
J<> 


VVrt'i- il •!• ( 




ViVfi 

p 




lie it tod that tlm form of tho function / 


,V(.f) + 


Q-i-K 


(la (7,t 

'« 1 P 

1\ Q, and It aro now mere numbers 
inod ho Inly by the geometrical conditions 
ivo rwilly applicable for any gas once 
ue.H of tluiKo three numbers have been 
from King's experimental results, 
nploto formula is consequently 


tin* relation between tho rate of heat 
id the rmnaming quantities h, etc., 
wsro not presumed variahlo in tho 
:vx| lorhuont. 

i Norr-niMioNsroNAi. fluotira auk tub 
• f Alt taut jKH,—T ho real variables in fact 
f>i‘oblem ato tho dojiendent n<m- 
oiml quantity h/ll:{0 -fl 0 ) and tho in- 
.ntb linn-dimenHiomil groups aVc/k and 
/’It)*, while tlie most rational gruphicnl 
ltut.ion of the experimental romilts 
bo obtained by showing tho law cou¬ 
th o variation of this dependent 
s with oaoii of tliese independent 
i.h, tlio system of curves obtained being 
i am. (uteris tie of thin class of problem, 


. Trttm . A, Kil l, ncxlv. 378-132. 

. Oft hr. Sue. xxxll. I’li. V. -Km. A dlsciiHHlmi 
viiorlnienlul results nf iiiimcnnm workers Is 
mi ( ho slain!point of Ihc present article by 
ivln, 1‘JiH. Afay,, I ice, 1021), xl. 


and dependent only on the geometrical eon- 
ditions. 


II. Dimknsions ok lb ,doth to and Maonktio 
Quantitiks 

§ (35) Ei.KCJTHOSTATrcs.~The treatment of 
electrical and magnetic phenomena from tho 
standpoint of tho present article presents some 
points of interest. Considering in tlio first 
place electrostatic cpimditios, we possess at 
present no means of expressing electrio or 
magnetic charge directly in terms of any of 
tlio fundamental units already introduced. 
Accordingly a consideration of olectroslatio 
quantities must introduce n new' unit directly 
related to f lic charge. The simplest method 
of representation is through tlio quantity K, tho 
specific inductive capacity, and tlio* export- 
moil tally known law of force between charged 
bodies. Accordingly wo writo 


1 

K 


ce/ 

r ' 1 


force, 


givingns tho dimensionHof a charge 

At once, from the definition of the quantifies 

concerned,it ispoHsihlo to draw up Die following 

table : 


Quantity. 

Symbol. 

Uliiinislmi. 

Charge .... 

f! 


Klrotrio iiilcnsity . 

V 

K’' 4 ai 1 l, -i T" 1 

I’oleuliul (inference. 

V 

K' 4 iM*r>r‘ 

(.'uncut .... 

* 


Hesistauce . 

It 

ic'ir'T 

Onpaoity.... 

<J 

Kb 

Sjiccilic independent \ 
oa|«icity i 

K 

K 


In (lie same manner, ooinmoneing witli the 
definition of inagnotio permeability g. as 


m and m‘ being Dm strength of two 
magnetic) pates, wo can draw up a pnrullnl 
list of quantities involved in magnolia 
phenomena, c.f/. Htrongth of magnetic) pole lias 
dimensioiiH /iL\I^L*T" 1 . It would appear at 
first night as if these two lists worn quite 
independent and that two separate units, 
K and g, for the dismission of eleolrto and 
magnolio phencnuojuv would require to be 
introduced, but it is known that magnetic 
and electric phenomena are closely interwoven, 
that currents (lowing through wires originate 
magnetic fields in their neighbourhood. 

§ (3fl) Hm.ATTON llKTWKMN El.KCTit KMI. AN11 

Maonktio Units.—W e have in fact Ibis con¬ 
necting link, that if a magnetic pole nf Htrongth 
»t is made to thread a circuit micv. in which is 
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the principles of 


(lowing a current of strength /, tho total 
dune is measured by 

work doiio=4imi. 


work 


Rystam. of resist none it nn*l inductance U 
a maximum current- given by 



produces 


Ileiicio the dimension of the product of nmg- 
netie strength and olonlrie current are those 
of work. 

... (f>.- M'SL’T" 1 )(Iv'M-L=T ”)=ML 2 T" 2 » 

... |>iK&J = L" 1 T=[l/Volooity]. 

Tho most natural stimdard velocity to adopt 
in such circumstances would lx> tho velocity 
of electromagnetic waves in tho particular 
medium, and accordingly wo have tho relation 

jcK-A/V*. 

where A is some constant which accurate 
experimental investigations have, in fact, 
shown to ho equal to unity. Tliis simple 
yet fundamental relation between /i and K 
onahlcs us at mice to reduce tho two systems 
of units to one, either by expressing all tho 
electrical quantities in terms of magnetic 
units or vice vemi. Wo express thorn hero in 
tonus of oleotromagnolio units as follows : 


Quantity. 

Symbol. 

Dimension. 

Charge . . • • 

c 

n'hfo) 

lileotrlc intensity . 

F 


Potential difference. 

V 


Current .... 

i 

/Th^hh’ 1 

Resistance . . . j 

M 

MW" 1 

Capiioity. 



■Specific imlojicndcnl) 
capacity 1 

K 

m-W 

Strength of magnetie\ 

m 


polo 1 



Magnetic force . . 

H 


Magnetic indue lion . 

B 


Magnetic perraeahitily 

P 

n 

Cooflioiont of induct-1 
anoo ■ ) 

h 

fiij 


JJy means of these dimensional relations it is 
possible once more to group together whole 
classes of investigations as dependent on tho 
variation of certain non-dimensional groups, 
thus indicating a rational mothod of plotting 
tho results obtained. 

§ {,'17) AwMOA')’ioNS.-“Tho following selec¬ 
tion of simple results can he derived directly 
by the method of the present article. 

Time (liken for a current- in a circuit of resistance 
It and inductance 7. to fall In a given fraction of its 
intensity wlicn switched off is proportional to I-/H. 

A ]ievio(lio K.M.V. of any form whose amplitude 
is specified by 15 ami period 2 vip acting on any 


, 15.M.F. riven by JCeospI, it- is known tlmt 



Expression for the energy per unit volume of an 
deetr,.magnetic field of electric and magnetic m- 
(cimitieH I*' and ff respectively is 



The total energy of n charge t > of dimension d moving 
willi velocity v in a medium of constants /i and h is 

where V- velocity of electromagnetic waves in the 
medium ; consequently the electrical mass in in 


m 


2 fie 
' d 



Tho radiation It from an accelerated election is 




(«)■ 


where acceleration, and the radiation is assumed 
indopondont of the diameter of tho electron. 


III. Tub Apfmoation of this I'uinciwass of 
SlMlUTUDU TO Monw.s 


§( 38 ) MoiJEii Exwcrimknts and Timm 
FuiiL-SOAUJ Equivalents. — Tlio principles 
dovolnped in tho foregoing paragraphs, 
serving ns they do to group togoljior proeesses 
oeourring in geometrically similar systems, 
piovido tho most natural method of approach 
to tho problom of tho relations of models to 
thoir full - soalo counterparts. Tho lines of 
dovolopmont in the case of tho use of models 
for the determination of tho wind forces on 
aircraft have already boon dismissed. Two 
further aspects of tho general question will 
be hero treated. What, in tho first place, must 
a model fulfil ns regards working conditions 
in order that its motions and working may ho 
directly comparable with those of tho full- 
sized nmohino ? That is to say, what am tho 
relations between weights, external forces, 
speeds, oto., that two systems initially 
geometrically similar may continue during 
their motion to'remain geometrically similar, 
that tho rolativo positions of tho parts of one 
system after a time l may always he similarly 
situated to tho rolativo positions of tho corre¬ 
sponding parts at time l\ where t and l' hoar 
a constant ratio to each other. It is clear 
that if thoso conditions can he determined 
and a modol produced to operate satisfactorily 
while working under them, then the full- 
sonlo machine will also operate satisfactorily. 
Tho second aspect, dealing with the strength 
of construction of the model and of tho full- 
scale, will ho treated shortly. 
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§ (I!!)) Condition for continued Similar- 
ITV IN WoitKINO Ob’ iMoDI'IIj AND Fui.I.-SOAl.K. 
—Corresponding to each part of the system 
there will Iio a scheme of equations between 
the moving forces and acceleration produced, 
of (lie form i»(d a j!/(// 2 ) — X for (he modes], and 
for the full-sized maehino -- X', 

wins re m and in' arcs tins musses of correspond¬ 
ing parts, oceupying corresponding positions a: 
and x' at corresponding times l and l'. X. 
and X' are the corresponding moving forces. 
For continued geometrical similitude at time 
t and V connected by l—’i'l', where T is some 
constant, there must be x--h:', m~Min', and 
X - FX' wlioro l, AT, and F mo constants 
determining the soalo of tlie ono with reference 
to the other. Honce, inserting these in tlio 
first equation, 

Mm7 f/V 

T*' Vl'* 1 ’ 



and the motions will therefore remain' identical 
if il/7/T 8 li , = l, the same equation then apply¬ 
ing both to model and full-scale, lienee the 
moving forces of model and full-scale must lie 
in tho ratio F, where 



In IlioHnmo way, had tho corresponding times 
been eliminated by comparing tho systems al 
corresponding speeds wo would have found 
that for similarity tho moving forces must ho 
proportional to MV 8 //. 

Tho following conclusions may accordingly 
bo drawn for a comparison of the working 
of a model with that of the full-sized machine : 
Since tho weights of tho parts, regarded ns 
external forces,are proportional to their masses, 
V 3 '--*/, and the velocity of working must he 
proportional to tho squaro root of tho linear 
dimensions; external moving forces must 
bear a constant ratio to tho weight and must 
therefore inoreaso ns tlio oubo of tho linear 
dimensions, if modol and maohino nro mado 
of tho same material. 

IV. SlMIUTtJnK of Strvotubks 
jj (10) Sttiuotuuatj Strength.—T urning to 
tlie question of tiio relation botweon tho 
structural strengths of models and full-soale 
constructions, it is proposed to show that the 
thcorctioal basis of model strength tests on 
structures may bo developed in a rigorous 
yot simple form by an application of tho 
mo thud of Dimensions. 

When a homogeneous prismatic strut of 
length l and floxnral rigidity 151, simply 
supported at tho ends, is subjected to axial 
end thrust F up to a load given by 
T , 7T 2 ET. . 
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tho unddleclcd position is one of sin bln 
equilibrium provided tho ultiniulo stress is 
not exceeded. Beyond this so-calloil Killin' s 
Critical Load, lho’straight position is ono of 
unstable equilibrium. If the strut lu> deflected, 
as long as tho loud is inniniuinoit the axis 
will continually undergo change in shape 
until it ultimately takes up a form of 
elusUcn, During this process the yield point 
of the material may ho exceeded and lho 
material may rupture. The strut nmy thus 
ho supposed to fail for two possibles reasons, 
on tho one hand beeauso its shape bus been 
permanently changed from the straight 
normal position owing to the instability of 
that position, and on tho other hand because) 
tho actual material has failed to withstand the 
stresses originated. This conception is of 
course not limited to such a simple structure 
as a strut, for it may hi' scon that in general 
a framework of any kind may fail for either 
of these two reasons. It is proposed to 
investigate what information nmy hi' furnished 
regarding these two types of failure, rupture 
and instability, for a structure in general, by 
an application of the dimensional theory. 

Consider the ease of a structure of tho type 
of an aeroplane framework for delhiitoners, 
although the argument is quite general, where 
it is supposed that the assumptions made in 
tho ordinary beam theory apply I" every part. 
Lot the length of one purl-, any a hay, be given 
by /, lho area of a particular section by A, 
moment of inertia 1, and the elasticity and 
density of the material of which it. is composed 
IS and /> respectively, (liven these quantities 
for this one portion, it will be assumed Hint 
the slmpo and geometry of lho structure 
involvo an exact Hpecilientinn of how to derive 
the corrcfqKinding quantities for the remaining 
portions. Lot the external load he F, applied 
in some given mannor specified geomofrictilly, 
and suppose this is suflloinnt to produce n 
stress just greater than LFio yield stress / 
in tho material of the weakest member. F 
can only depend apart from tho geometry 
and mannor of application upon the quantit ies 
enumerated above, defining Mm pro pert ics 
of tho material, These are as fnllowu : 


Quantity. 

.Symbol. 

Young's moduliiH , 

F 

Area. 

A 

Moment of inertia . 

l 

Length .... 

l 

Density.... 

t> 

Yielding fllmw . . 

s 

Gravity.... 

if 

T.nnd .... 

V 


IMinciuileiis, 

iU/LT a 

L 3 

L‘ 

I, 

ftl/L* 

M/bT 3 

L/r* 

ML/T a 


Since F, tho load which will euuuo collapse 
by rupture of tho material, must involve 
Iheso quantities grouped together in mieli n 
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hitimicr nft to make tile dimensions of the pro- 
disci identical wil l) those <if |t’, wo may write 

i*’■- v-( w. A, r, r, n, f, >,). 

Applying I lie method abendy used frequently 
in Mi in discussion, wo easily find 

„ Kl ,ff A W T \ 

fur the moment i:i an arbitrary 
Writing 

VP 


whom if.j 

flllloUllll, 




EL 


an Mini. Hus ipiimlil.y may ho conn idem I as a 
moi-ilimtuuiiontil critical loading oucflicionl., it 
follows liimlly thill 

A W 


A ; W . T V 

P /A !') 


ii (‘II) Nu.v-dim kxnjonai, <imriuAi. Loaihnu 

<hii:i-'V-'t(.iei-tN'J'..It in deni- from the definition 

of r/i Mint fora given slnicluro whom I, 1*1, and 
I arn known >/> in uniiiuely determined wlum I 1 ’, 
(ho breaking load, in found, Ho that tlm dis¬ 
cussion of collapse liy riipturo may equally 
well liu ocntrncl round <Ji. Lob it bo oloarly 
midorsloml that (ho oximt form of Iho function 
/ above doporolH only on tlio geometry of tho 
HtriuiUiro, including tho niannor of loading 
mid tlm law of distribution of imtoriul. 

Out of llici general chins of framework 
embraced in Una discussion ho far, lot thorn 
ho iioleeloil. a series of which all members 
arc idnnticml with loapeob to oxtornal shape, 
dilToring only in houIc. This implies that A, 
l ln> mm of eroHS-Neetion of any selected part, is 
proportional to P, and I' to f. For this series, 
therefore, AfP and \/P arc noiiHlants depending 
only on tlm geometry, and accordingly tlm ex¬ 
pression for i/i now t alien tho simplified form 



It in not di Moult to give ail intorprotalion to 
tho two nnii-diinei»nioiml quantities f/li and 
W//A. The foniior, Iming tlm ratio of tlio 
yielding stress to Yinnig'» moduliiH, may lie 
taken an the strain at tlio yield point, nil the 
UHSUinplhm that Hooke's Law applies rigor- 
nunly over the whole range. In the hiiiiio way 
W//A it* tlm ratio of the weight of a particular 
11101111101', Hay Iho wonkoHt, to tho maximum 
leiiHilo or enmprtHWivo force, as Iho oaso may lie, 
wliicdi (hat memhor in oapiihlo of withstanding 
without yielding, assuming that tho scotiou A 
in taken at tho position of oollapso. 

tf (<I2) Nopmmaihnhionat, Vakiahi.ks.—Ah 
fur an a dismission of tho bronking load 
eimdieieiit i/>‘ J is concerned, it is evident that if 
a series of geometrically similar h true lures ho 
selected, two distinct non-dimoiisioimt vari¬ 
ables, mid two imly, fiinetiofiH of (he material, 
a) feet tlm question. Tlirni are tho strain at tho 
yield point for the weakest memhor, and the 
ratio of tlio weight of Hint member to the 


maximum tensile or compressive force **’ 
can withstand at the point of yield. 31, 
equally clear, however, that tlio so-eall 11 ** 
geometrical restrictions determining the dis-* - 
trihntion of the constants of the innleiJul* 4 
in a composite structure are not nhsolutol.Y 
vital to the above discussion, so that vii>laLh» if4 
of tho laws determining the selection of tin* 
material from member to member would n»>L 
necessarily vitiate tho conclusions arrived at 
Lore. Per example, one would not bo ijgni’- 
ously entitled to vary I, A, and JC in eor(n»* c 
lnomhoiu, since such a change would clearly 
upset tho geometrical similarity of shape) mnl 
the distrihiilion of force, with tlio possible 1 
result that the previously weakest rnonib«'*' 
might now not ronmin such. No such tnml>l«*» 
Jiowever, could arise if the selection of t-lic» 
materials was made without changing Mk'mo 
factors, but allowing a variation in/, tho yield¬ 
ing stress, so long as the previously ivonluiwli 
member always ronmins ho in tho serieH. Th i ** 
is equivalent to an increased hititudo in 11 > *■> 
eoopo of selection of lnntorinl. 

Generally in experimenting with a nunUsl 
of this nature it is convenient, of course, t" 
liavo corrcspending parts in tho model nivcl 
the full-Bculo structure composed of identity il 
materials. If, for oxamplo, the frame of m* 
aeroplane was under discussion, wires in Iho 
model would bo composed of tlio same innlnl 
ns those in tho originnl; corresponding strut m, 
spars, ribs, etc., of tho same wood. 

Since the quantities /, 15, l, p, etc., in l l io 
expressions for <f> 2 all refer ultimately In the' 
same part of the model,do ensure gcomntrbm I 
similarity in the widest sense it follows that tlio 
assumption that//15 is a constant is one wliioli 
is obvious experimentally, Under these csi r- 
ouinstancos also W//A, as can easily ho vorilim l, 
hccoiucs pmjioi'tional to tlio lineiir dimomdmi l . 
Tho In-caking load cocIH^iont </ ,2 > therefin't*, 
when the weight of the structure oontribiiioM 
towards rii|>turc, is purely n4unction of /, 

V—'M 0. 

and the form of the funetion is dotormirun 1 
only by tho shapo of tho varioiiH parIs, ( hn 
geometry of the loading and tlio so-cnlbicL 
geometry of tho material. 

§ (.13) Limitixo Sizu on- a ITxavv Stiukj- 
tuuk.—' l’his expression for <f> 2 may likoiviso ho 
supposed solved for l in terms of tjp. For ('vory 
external load cooflicient this equation th(*ti 
dotorminos theaiv.oof tlie structure correspond¬ 
ing to failure. When there is no external lorn 1 
and failure is duo to weight alone, (>, 

an equation determining the smallest si/o < »f 
a structure Hint will collnjwo undor its own 
weight. 

When tho material is not sufficiently heavy 
to involvo tho weight of tho stnieturo appi-ntti- 
ably ns a factor in causing collapse, the toi'm 
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W'lf A may lio omit (oil in tho gone ml equation 
mid t ins expression for */< 2 takes tho relatively 
simple form 



§ ('ll) Non - maiHNsroNAL Bases, and 
“ (.'iiAiiAOTEHiSTitj Ctiuvk,” — Let ns imagine 
that tho weakest member is replaced by 
another of tho samo geometrical shape and 
size hut with a different value of fj E, though 
not so dilTorent as to prevent its remaining tho 
weakest member; then n test on each erne of 
these models will give a particular valuo of 0 s , 
breaking load coefficient, and these when 
plotted against //JO will give a “ character¬ 
istic curvo ” for the structure of tho given 
geomotry. For gem no tri (tally similar stnio- 
tuies of whieh tho coiTcspomling parts aro 
made of tlio samo material, so that //E is 
constant, tlio breaking load coefficient becomes 
an absolute constant for tho series depending 
for its value purely on tho shape, ll follows 
Uml a simple lest to destruction on a model will 
siijliee wider these conditions In determine, the 
lireii/,■inn ^"ul coefficient <//-, and therefore the 
breaking load F for any other mom her of the 
series of geometrically similar structures. 

§ ('lb) ILui.uimo min to Instaiui.ity. —It is 
assumed in this section that the failure is not 
necessarily accompanied by collapse or rupture 
in tho material, lmt is duo merely to perma¬ 
nent deformation of the configuration of the 
structure, It follows that, in the expression 
for tho critical load, tho yield stress (lues not 
outer although id I the other terms A, l, E, I, 
/), (/ may do so. Using 0 ® as a critical load 
ooollieionb defined by F/ ,J /HI — 0 ®,- then 




/A W I 
U 3 ’ EA’ i : 


)■ 


obtained by the same method as in tlio previous 
section, 

On the understanding that tlio struoturcs 
in tlio series are all geometrically similar ns 
regards external slmpo without refcrcnco to 
matorial composing them, then A/f 2 and I/P 
are constants for tlio serins, and 





whore W/EA is tho ratio of tho weight of n 
member to tho tensile or compressive forco 
required to produce unit strain at some par¬ 
ticular section of that member. 

If corresponding members of tlio series aro 
made of tho samo matorial, then W/EA is 
easily soon to bo proportional to l, from 
structure to structure, and ns before tlio 
critical loading (inefficient 

depends on tho size only. 

§ (<II>) CumoAL Loadino Coefficient a 
Constant nut Com.a use dun to Instadii/ity. 


—When the weight of tlio structure is nogli- 
gibio as far ns its effect in contributing In 
failure is concerned, the whole instability 
arising from tire external loading, then 0 a 
is a constant for a series of structures of 
identical form irrespective of tlio material 
of winch it, is composed, and a test to destruc¬ 
tion on one model suffices for the series. 

It lias boon found that- the criticnl loading 
for a uniform prismatic strut of negligible 
weight under csml thrusts and simply supported 
at llm cads is given by 


so Unit i/i for this structure is ?r. For a strut 
under the samo conditions, but with damped 
ends, A ~ 'hr. 

In certain cases of emiplo shapes of 
structures, it is obvious that the function </> 
may be derived by calculation, as for example 
in tlio abovo two cases, but for inure compli¬ 
cated problems where the calculation is too 
abstruse a number of points on the chnmeter- 
islio ourvo may Iki derived by n series of 
tests to destruction oil models. 

In tlio special cases where <[> is a constant for 
tho series a single test on one model is dourly 
sufficient. This, as lias boon shown, applies 
with equal forco whore theeullapsc is due cither 
to instability or to failure of tho material, 

Tho basis of tlio experimental method Hum 
having been nindo secure, no scale effect 
difficulty of tlio typo normally arising in, any, 
aerodynamic work being present, it slimi'hl 
now be pnssiblo to proceed to a direct netiiirnlo 
test of failure and ils causes under various 
circumstances. 

§ (47) WumT-iNti of Shafts.—W hile the fore¬ 
going analysis applies to struoturcs under 
forces of tlio static typo, a parallel argument 
can bo applied whore Ihiotunting stresses are 
introduced, or whore parts of the s true tore 
are in motion. In illustration consider (he 
problom of whirling of a rotating shaft of 
given outline and section. As before, suppose 
tlio geometrical slmpo longitudinally and cms:i- 
Hcctionally to bo given, length l, mass per unit 
length »n, and floxmal rigidity of a particular 
section I3I 0 : then if q bo the speed of rotation, 
tho deflection, d at tho centre, say, will ha a 
function of l, m, E, I 0 , and q, t.c. 


Heneo 


d =/{/, mi, E, I 01 (/). 
d fmqW I„\ 

r- p bar v) 


on equating tho dimensions of tlio typical 
group. For n shaft of given gooinotrJenl 
outline 1 /t 1 is n constant dependent on the 
geometry, heneo in varying tho si'/o of gen- 
motricnlly similar slmfts tlio ratio of the 
dofloction at tlio centre to the total length will 
depend only on tho quantity mqH ,l ]K\ u . 
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§ (48) NoM-niAfBNsrowAC, V.uuAiir,/;.—If a 
whirling speed exists, then, for some value of 
q, tiie ratio djl will theoretically become 
infinite, or at least indeterminate, and this 
can only occur for some valuo of the variable 
mqH'jVS,, say a. Hence we find that the 
real variable in whirling shaft problems as 
tlio size and material of the shaft are varied, 
hut maintaining the geometrical sliapo con¬ 
stant, is inqH'jK I 0 . In actual fact the whirling 
speed of a straight shaft is known to bo 
rr 2 ZB 

5 - T a V m’ 


and for a homogeneous niroular stepped shaft 
mado up of throo portions, Uto two oiuf 
pieces of length lj\ and diameter d/4, anil tho 
contral portion of length //2 ami diameter tl, 

"I'lL “ ’ 

I 0 being falcon for tho central portion. 1 

From tho forogoing analysis, moroovor, it is 
apparent that shafts of idontioal geometry 
but differing in size and material will maintain 
their identity in goomotry under rotation 
provided they bo compared at corresponding 
speeds q L and q 3 given by 

^\/ iff; 

§ (49) Expansion ih Tkhms of tiib Class 
Vamahus,—I t Jws booomo apparent in tho 
applioatinn of tho method of tho prosont articlo 
to various branches of physics and ooginoor- 
ing that in all eases tho investigation has 
centred itself round the behaviour of somo 
expression roprosunted as a function of a 
certain noii-dimoiwimtal group of terms. This 
quantity, oonnoofciiig togotlior as it wero a 
whole class of problems possessing certain 
geometrical and dynamioal similarities, may 
bo tormad tho class variable. Many problems 
in mathomatioal physics expressible in tonns 
of differential oquations would appear then 
to demand a solution as a function of tho 
class variable, and acoovdingly an expansion 
of tho solution of tho dift'etontiai equation is 
sought fur os a power tsorioa in tho class vari¬ 
able. This method has boon applied with 
considerable bucocss to tho problem of tho 
crippling of struts, tbo whirling of shafts of 
variable flexural rigidity, and to the motion 
of ft vinvntiH fluid. 3 In o/Toefc this is simply 
an analytical method Of representing tho 
“ ohnraotorifitia curves ” on non-dimensional 
bases obtained so frequently in tho fore¬ 
going discussion. iry. r,. 

1 Cowley anil Levy, Phil. May., (021, xll, r>02. 

3 im. 


DyXAMWMj SlMH.MtlTY : 

Ex|)erimental vorilieation of Rayleigh’s con¬ 
ditions for the motion of /loids in contact 
with solid boundaries. See “Friction,” 

§ (Hi)- 

Rayleigh’s method of determining tho 
essential conditions which must ho ful¬ 
filled. See ibid. § (1f>). 

Dynamics, I'ahtiolh, Appliijation of Dyna¬ 
mical Similaiuty to. See “ Dynamical 

Similarity, The Principles of,” § (7). 

DYNAMOMETERS 

5 (1) FimriAM i;ntat. Puisrriimis.—Tho work 
dono by a prime mover or otbor agent when 
transmitted by a rotating shaft may lie ex¬ 
pressed by I’lti/i, and when by a moving 
chain, rope, or similar agent, by IV/, whero 
P is the force acting. It the torque arm, ft 
the angular displacement, anil d the linear 
displacement, 

A dynamometer is an instrument which is 
used for the measurement of tho force P, or 
tho torque Pit j tho values of tho quantities 
</i and d are usually determined Independently. 

Tho work done by the primo mover may 
oitlior ho ahsorhed by tho dynamometer or 
transmitted to a machino in whioh it is em¬ 
ployed usofully after having been measured. 

It is ncecsHury that the instrument adopted 
should perform its function with accuracy. 
Tho wholo of tho energy dovolojied hy tho 
primo mover should ho included in tho measure¬ 
ment mado without neglecting that absorbed 
by shaft hearings in tho dynamometer itself or 
by gearing or bearings which may bo inter¬ 
posed between tho primo mover and tho 
dynamometer. 

Tho load should ho capable of line ad¬ 
justment under running conditions, and 
this adjustment should preferably be over 
a considerable range of power in order 
that tho primo mover may he tested from 
its minimum to its maximum power capacity 
without tho necessity for frequently stopping 
down. 

Tho construction of a dynamometer should 
bo such that it imposes no force on the primo 
mover other than that for which it was 
designed. For example, a dynamometer 
suitablo for testing a petrol motor should 
oxert a pure torque, otherwise tho motor 
bearings will bo called upon to lake loads, 
aucl the shaft to resist bending and shear 
stresses, additional to those for whioh they 
wore intended. 

It is desirable, in (ho typo of dynamometer 
in whioh tho power is absorbed, that tho 
inertia of tho rotating parts should ho small 
in ordor that a stoppage may readily bo 
oflccted if failure of tho prime mover should 
occur, as tho onergy stored in a heavy rotor 
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revolving at a. high speed may be auRicient to 
cause very serious dumayo. 

In order that accurate measurements may 
lie iilade, it is essential that the dynamometer 
should apply the load extremely steadily, 
otherwise violent esc illations will he set lip 
rendering the employment, of heavy dash pots 
necessary, which is undesirable. 

The variation of load with speed for the 
same setting of the apparatus should ho such 
that “ hunting” of tlio load is eliminated. 

(i.) Absorption Dynamometers .— In these 
the energy generated is converted cither into 
heat by tho intermediary of solid or fluid 
friction, or into electrical energy by means of 
a generator. 

The apparatus in most common use is the 
fluid friction brako, this being simple in 
construction, easy to rogulato over a wide 
range, and extremely steady in action. 

The solid friction brake for largo powers 
requires considerable experience in manipula¬ 
tion in order to avoid unsteadiness duo to 
violent snatching of tho load. In its simplest 
form for small powers, that of tho rope brake, 
it is a very eilioient and accurate brake and 
runs very steadily if pro|>cr precautions are 
taken. 

(ii.) Transmission Dynamometers, fur tho 
measurement of power transmitted by u shaft, 
exist in Unco fairly common forms, viz.: 

(1) Torsion motors, in which tho angle of 
twist of a length of tho shaft due to torsional 
stress is measured either optically or by 
moo bunion I moans. 

(2) Torq no-mo tors, in which tho torque load 
is transmitted by springs, or by hydraulic 
plungers, tho extensions of tho former and 
the fluid pressure! sot up. by tho latlor boing 
indicated or recorded. 

(il) Instruments for measuring tho power 
transmitted by means of a bolt on tho shaft 
of tho prime mover. 

Tho last vary considerably in form but tho 
object achieved is tho same in ouch caso, viz. 
tho immsuromnnt of tho difference in tension 
of the belt on either side of the driven pulloy. 

Anothoi* important form of tho transmission 
dynamometer is tho traction motor for tho 
menmiromcmt of tho tmetivo offort of self- 
propelled vehicles. Dynamometers have boon 
dosigued for measuring and recording tho 
tractive effort of locomotives, motor cars, and 
traction engines and the traotivo resistance) of 
railway carriages, wagons, wheels, and ploughs. 

§ (2) AnsonmoN Dynamomktkrs. (i.) The 
Prony Brake .—In its original form this brako 
consisted of two stout beams of wood clamped 
upon tho .shaft or on a pulloy fixed thoroto. 
Tho beams wore suitably bored in order to 
grip a largo proportion of tho oircumforeneo 
of tho shaft, and tho nuts cm t-ho clamping 
bolts served ns a means of adjusting tho 


frictional resistance between the shaft and the 
brake. A horizontal arm, usually an extension 
of tho upper beam, supported a load pan mi 
which the weights were hung, a fine adjust¬ 
ment being provided by a. jockey weight, tho 
position of which could be adjusted along tho 
beam. The movement of the cud of the arm 
was confined within smnil limits by rigid 
stops, ono above and one below the arm. 
Pig. 1 shows diagrammaticully tho arrange¬ 
ment. 

Very liberal lubrication of the frictional 
surfaces was necessary to ensure smooth 
running, but at host considerable vibration of 
the arm took place duo to tho variation in 
frictional resistance between tho brake anil 
the shaft, tho end of tho arm oscillating 
violently between the stops and rendering a 
good balance difficult to obtain. 

Tho torque T exerted by the shnft when 
tho brako is balanced is represented by KR 
where F is tho frictional resistance between 
the brako surfaces, and It the radius of tho 
surfaces; it is measured by tho algebraic sum 
of the moments of the load, jockey weight, 



and the brake bourns about tlio centre of tho 
shaft. 

In calculating tlio homo-power developed 
tho footer </> is required and is obtained by 
means of a tachometer or by revolution 
counter and stop watch. 

Tho rato at which work is absorbed is 
expressed by 

Tr 2*rTN 

Horse-power— 

whore N is tho speed in revolutions per second, 
and T tho torque us measured by tho brake in 
pound feet units. 

(ii.) Modifications of the Prony llrule .— 
Sovoral improvements nod modifications have 
been made on the original brako as first used by 
Prony. They consist chiolly in arranging Hint 
tho grip of tho brake blocks shall automatic¬ 
ally alter with tho valuo of tho cnoftloiont of 
friction, thus maintaining the total frictional 
force aud therefore tho value of T more or less 
constant. 

Tho Appold brake is shown in Pig. 2 and 
is an example of ono of many compensating 
brakes. The wooden blocks forming tho brake 
are connected together by a steel bund pro¬ 
vided with a hand adjusting screw at A, tlio 
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«mls nf tho steel hand being connected to the 
compensating lover al B and (! as shown, 
Tho oral <iF tli« lover I) is pivoted to tho cngino 
frame. 'L'lio load in supported, as shown, from 
n lionk attached to the stool hand, a pointer 
being provided to indicate when tho hook is 
level with the centre of the aluiffc. 

la the normal position the hook is opposite 
the pointer and the lever HI) is vortical. 
When the load is lifted, tho lover moving about 
I) as centra rotates with tho stool band and 



virtually increases its length, thus slackening 
the hand and partly relieving tho load. 

If the load falls, due to tlio ooofliclonfc of 
friction decreasing, the compensating lever 
shifts round in the opposite direction, tightens 
the Imml, and thus increases the grip end lifts 
the load. 

in praelico it is found that nearly as much 
adjustment of tho load is required as with¬ 
out the compensating device, hub the chief 
objection to the brake is ( hat when a heavy 
torque is lining measured the lovor reacts on 
tho frame with HiilHofonb force to oauso an 



Idci. !). 


appreciable error in tho result obtained if tho 
ordinary method of calculation is ndopted. 

A buLLer form of compensating brake, but 
uno perhaps not so well known, is thntdosigned 
by Mr. .Halle and originally used by Messrs. 
Ummemes Sims and Jeffries. It is shown 
diagram mntkvdly in Fig. It. 

Tim iahinpen.sating lovor is horo outsido tho 
disc of (lie brake wheel, and is connected nt 
It ami (' to the ends of the strap and the 
loud pan is Inmg from tho point f>. Suitable 
a tops am provided for llio lover. Tho weight 
of tho brake adjustment hind must bo taken 


into consideration in determining this toi<l 11< * : 
it must ho considered as anting nt n. 
equal to its horizontal distanoo from tho con M'*- 
of tho shaft, and its moment must be ded'H*-* 4 '* 
from that of tho load P. 

Solid friction brakes may bo used to nbn« ,r ** 
greater powers if the wheel is water 
Tho major portion of tho energy whiol' ,r j 
converted into iieat is thus quickly dinp‘ i 1 * 4 *’■ 1 
of, and nno of the chief sources of tr<ui 
namely overheating, is then removed. All"" 1 ' 
a preliminary period of running with wiii 4 " 1 ' 
cooling the brake blocks assume n 
constant frictional resistance, rendering l Ji<’ 
bmko mneli steadier to run. 

Water cooling of tho wheel is vary simply 
effected by making tho l-im of the brake tel i 
of trough Hcotion, thus enabling it to In •■1*1 
water when revolving by virtue of * be 
centrifugal forces called into action. Wnt'' 1 ' 
is supplied by a pipo dipping inl'i I'* 10 
trough at tho bottom of t.lio 


/V/.vf 
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llio one! of tho pipo being turned in tin* 
direction of rotation. The outlet pi|H» in 
usually flattonod at tho end which is dirtml «*< I 
against the stream of water which piiM’uvi 
round with tho wheel and out through the 
discharge pipo. 

Tho flow is adjusted until a leiiHoiml»li* 
stonily toinpcratnro is attained, 

(in.) Hope. Brahes .—For small powers Mu* 
repo brakes introduced by the lain Lord Kelvin 
and Professor James Thomson arc very mini num - 
ful. Tho former is illustrated in Fig. I am I 111 u 
latter in Fig. G. 

Lord Kelvin’s brake consists of u !oi»|» nf 
rope wrapped round tho fly wheel of the print** 
mover, one end of tho loop support in. jjr ** 
weight W, tho other being hold vertically 1 iy 
a spring balance. Wood blocks are m«iui-o ( | 
to tho ropes in order to keep thorn properly 
spaced to prevent tho ropes from ntlddng 
together where they leave the wheel i n i ■. 
gontially. The wood blocks tiro not uuotl n»* 
brake blocks. 
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If tho wheel turns* in tho direction of tho 
iutow tho lorrjuo in represented by (\V - 
whore w in tho force indicated by tho spring 
Inilaneo mid It tho radius from tho centra of 
tho wheel to the centra of tho rope. 

When tho vnlno of the frictional forco 
changes, tho load rises or falls against tho 
action of the spring balance, tho brnko thus 
adjusting itself to tho now condition. 

In using tho hrako it is advisable) to hnvo tho 
ropes and wheel rim either perfectly free from 
grease, by using new ropo and cleaning tho 
wheel rim with petrol, or olso thoroughly 
greased. 

If the lubricant is scanty or in patches the 
woight will hunt, rising and falling regularly, 
rendering it difficult to obtain a reading of tho 
spring balance with any degree of accuracy. 

The brake of Fig. 5 consists 
of fast and loose pulleys 
mounted side by side on the 
driving shaft. It is arranged f^f 
that a ropo dipped on tho loose 
pulley hangs down over the I 

fast pulley on ono side and 1 | 

over tho pulley to which it is ' ' j 

fixed on the other. , j flj 

Tho frictional resistance be- I ' 111 

twcon the fast pulley and the Cl || 

ropo causes the loose pulley to__ P®*—!]■* 

rotate through a small angle in LmJ 
tho direction of rotation of the ^ j ’'M 
shaft, and iti doing ho it lifts 1“ 

a woight suNpendcd by tho ropo / \ I 

hanging over it. At tho same V /A 

time tho rope over tlio fast \ .—cf 
pulley, which also supports a 
weight, is, by tiio rotation of " \J 
tho loose pulley, slightly tin- m=^= 

wound from the running pulley, 
thus reducing its nro of contact, 


tho shaft nt either end but are free from it, 
and it is free to rotate through a small angle 
in cither direction in bearings offering very 
little frictional resistance. On both sides of 
tho brake wheel are formed semi-elliptical 
annular channels divided into 21 pockots by 
narrow obliquo partitions or vanes which arc 
approximately semicircular discs inclined at 
an angle of -i»° to tho axis. Tho vanes on 
ono side of tho rotor are inclined nt right 
angles to those on the opposite side, but a it) also 
at <15° to the axis. Tho faces on the inside of 
the brake casing are formed in tlio same 
manner as those of the rotor, tho vanes being 
in the same planes as those oil the adjacent 
rotor fnco completing the formation of the 
circular disc Inclined at 4«'>°. Tho number of 
pockets in the rotor and stator differ by ono 
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and, therefore, its braking effect. Tho re¬ 
sistance is thus automatically adjusted. 

It Hlinuld 111* noted that solid friction brakes, 
in ootiH(!(|uonoo of the frictional resistance being 
practically constant over n wido l'niigo of speed, 
onimot he successfully employed for tho measure¬ 
ment of power generated by a prime mover ruoIi as a 
petrol motor in whinh tlio torque nbo remniiiH con¬ 
stant over tlio name rnngo of speed. 

In suoh a enso it is extremely <1 iffieult to maintain 
tlio speed of tho primo movor at even nil approxi¬ 
mately constant value, and the brnko needs continu¬ 
ous attention if steady values of the power are to 
lie obtained. 

(iv.) The. Fronde, Water Brake 1 (Fig. 6).—This 
brake is of the fluid friotion typo aiul is very 
oxtensivoly used both commercially and in the 
laboratory. It consists of a wheel or rotor 
atfcaohcd to a drivon shaft revolving inside a 
casing through which water is circulated. The 
easing is mounted on trunnions which enshroud 
1 Hco also " Hydraulics," § (01). 


on oneli Ride. Tho pnukots between tho rotor 
and casing thus form coni pie to annular oliannols 
of oilipticnl crosB section divided into sections 
by tho vanes. 'llioro is only a very small 
clearance bolwcen tho faces of the rotor and 
tho easing. 

Tho formation of the ohantiolB and vanes is 
shown in detail in tlio developed section of 
rotor and casing in Fig. (I, the sec (ion being 
mndo by a 03d in dor passing through the water 
holes shewn in tho principal section. 

It will bo seen that the vanes are inclined 
nt an angle of 4/5° to tlio direction of motion, 
and that those on opposite sides of the contro 
line are at right angles 1:o each other. 

Tlio difference in pitch of tlio vnnoa whinh 
may bo observed is duo to tho difference) in 
tlio number of vanes in tho rotor and on sing 
respectively. 

If, in tho viow shown, the rotor ho moved 
until ono of its vanes nomes into line with ono 
of the vanes of the easing, then the lino thus 
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formed is n section across n diameter of mi 
approximately circular disc, one half of which 
ia formed by the rotor mid llio other half by 
thn casing. The circular disc viewed along the 
direction of motion lias the elliptical appear* 
mice shown in the principal sectional view. 

When the shaft is minted, centrifugal notion 
fie In up vortices in tile pockets in a plane at 
■in 0 In thn axis, amt the wheel and enso arc 
thus urged in opposite) directions also at nn 
angle of 4F>'\ 

The coinpononbi of the forces produced arc 
balanced in the direction parallel to the shaft 
dim to llio arrangement of the vanes on 
opposite sides of the centre line, hut tangen¬ 
tially limy react on tho casing. The moment 
required, therefore, to prevent rotation of thn 
enso is eipinl to thn torque on the shaft. The 
will or which is supplied continuously to the 
brake, when running, passes from pocket to 
pnukof, at the name time rotating at u high 
nite of speed, dually oiticrging at a lompomturo 
which can 1m regulated liy tho supply valve. 

TJio brake is regulated by means of thin 
sluice gates or plates, inserted between llio 
channels in tho rotor ami easing. TJio resistance) 
offered by tbo brake for a particular Hotting 
of the plates varies approximately ns tho 
square of the speed, so that thn brake is well 
suited for testing under conditions of constant 
torque, 

The stator case iH provided with hearings 
and packing glands where tho shaft passes 
through it, but the friction of those rends on 
l lio casing and is inoimm-ed. Tho ease is also 
provided with n torque arm supported by a 
spring balance, which in turn is suspended 
from a book which dim lie adjusted in a vertical 
direction in order that tho torque arm shall 
f remain horr/outiil. The load is hung at llio 
end of the torque unn directly under the 
silling balance, and the effeolivo torque load 
is ohlninorl by taking tho difference of the load 
and tile spring balance reading. 

Tho effect of the sluice gales is to reduce 
tlie cITcutivc surface, Unis increasing tho range 
of service. Tho capacity of a dynamometer 
absorbing #00 homo-power at 800 revolutions 
a ininulo can bo adjusted to absorb 40 horse¬ 
power at 200 rovobiliims per minute. 

( v.) Elev.trir.nl Jimhen. The National Physical 
Lnlinmbn/ Dynamometer ,—In this brake tho 
power developed ih absorbed electrically but 
measured mechanically. Tho electrical meas¬ 
urement of tho power depends in some mensuro 
on the aoounioy of the instruments omploycd 
find on the loitipomturo of the field iimgnot 
mid iirmntiiro windings of the generator. 

'flic [irfme mover under test is coupled 
direct In the shaft of a generator, the outer 
frame of which is moulded on hearings offering 
small frictional rcsiHlimco, and the torque on 
Lliis fmmo is measured. The power generated 


is carried by very flexible cables to rosisl *> 11 <’ t ' 1 
mats by which it is dissipated as heat. 

Pig, 7 shows tho method of supporting * 
field magnet frame. The latter is provi*!*' 1 ^ 
with hard steel rings A at, either end, tin* 5 ' 1 *’ 
rings being ground truly concentric with t■J' 4 ’ 
axis of tile shaft and securely lixed (,,» i -1 ■ *' 
frame. 

The rings rest on the sectors 15, 15, which ni'i' 
also of hard steel ground truly cylindrical < >n 
the curved surfaco with tho knife culgo « ,tt 
centre. Tho sectors support the whole weigh t * **" 
the. generator, which being thus mounted nr* 11 
oscillate tlirough a small arc with oxtroi u* * l.V 
little resistance to motion. 

ilnil hearings mounted on vertical poste a ro 
provided at eacii end of llio generator frnims 
bearing against the sides of tho steel rings * 1 ’ 
limit tho end motion and to take tlm thru*"** 
should tho frame inadvertently ho moved I <»** 
far in n longitudinal direction. 



ho that tho torque can ho numsurod when tho 
brake ia running in either direction.. 

Tho torque arms are balanced, and dim* in 
provided in tho usual manner with ulopn (i ■ 
limit tho angle of oscillation. 

Tho lend is hung from a knife edge on c »!»<* 
of Liie arms, a fine adjustment being obbiii n-«I 
by means of a spring which partly n'liovt-n 
tho load. It is arranged that exlonmmiH «*F 
the spring are magnified and indicated on 
a moving sheet of paper so that the varial.it m m 
in torquo of tho prime mover umlor lest hi ,< 
recorded. The paper movement is e'lfee-l«-* l 
by a olook ineohmiiKin, and indicationu »>f 
Hpned are also recorded electrically. 

Tho arrangement of the recording iiisti'ii- 
mont is dourly shown in tho figure. 

As in tho enso of tho Fronde water bin ho, 
tho hearing friction, and incidentally tin* 
brush friction, is measured at tho turcjiat' 
arm, so tliat tlie motliod affords nn aeoui i i ( t , 
means of inensuring power. It him tlie «iirt- 
advantagos of having a small range of po\v«.i »• 
and speed, and n heavy rotor, hub these rtv<j 
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somewhat compensated for by the fact that 
tin) genorulor can l>o used as a motor either 
for starting an iiitermil eomlmstioii engine or 
for supplying power to a machine whoso 
torque resistance is required to ho measured. 

It is estimated that, under steady conditions 
of running, determinations of torque can ho 
made on this dynamometer to nn accuracy 
of 0-1 percent. 

{vi.) Hiltlif-ciirrcnt Brahe (Fig. 8).—A vory 
successful form of eddy-current brake lias been 


The shaft is partly relieved of the weight of 
the frame by a link suspension attached in an 
overhead spring balance, and this method 
of suspension enables tho framo to lie sup¬ 
ported without producing a twisting moment 
about the shaft centre. 

Tho overhung load on the shaft can he 
varied as desired by adjusting the tension of 
tho support. 

Tho air gap between the copper discs and 
tho field magnet poles is fixed, and the rigidity 



developed by Dr. i). K. Morris and G, A. Lister, 
and, is described fully in a paper to tho Bir¬ 
mingham Local Section of the Institution of 
Electrical Engineers, 1005. 

The brake was designed to absorb fi horse¬ 
power at 1000 revolutions per minute, and 
made for use in tho Electrical Laboratory of 
tho University of Birmingham. 

The apparatus is made for attachment 
to tho shaft of the prime mover in placo of tho 
ordinary pulley, and consists of two elements, 
one in tho form of eoppor discs fixed to and 
concentric with tho slinft, and the other a 
circular framo also concentric with tho slinft 
and carrying magnetising coils at regular 
intervals round its periphery. 

The magnet frame, nr stator, is centred by 
iv involving bush securely keyed to tho shaft 
and is provided with a torque arm, jockey 
weight, and stops, in tho usual manner. 

Two copper discs arc provided on tho rotor, 
and are iixed to tho revolving busk one on 
cither side of tho - magnet coils, tho axes of 
which are parallel to t tho shaft axis, ami by 
tins arrangement both electrical symmetry 
and mechanical balance are assured and the 
brake is rendered astatic. 


of tho construction oniihles it to be made small. 
External yoke rings are provided mid are 
supported by brackets from tho magnet frame, 
tho brackets being clamped in such iv manner 
that tho external 
gaps botwoeu tho 

yoke rings and _ 

tho eoppor discs FT 

can be adjusted. 

Tho limit of —rp J 

tho capacity of 
t h o h r a k o i s 

determined by —- .—^,^1 

tho temperature 
of liio magnet 

coils. _ _ 

(vii.) Fan 

Brakes. The. \\ ^ 

Centrifugal Fan 

(Fig. 9). —The _ 

Centrifugal Fan y |fi (J , 

Brake usually 

consists of two square or rectangular plates 
bold by radial arum in such a maimer that 
thoy are presented normally to the direction 
of motion. The brake is more frequently used 
as a ready means of applying a load to a shaft 
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rotating at a high speed than an a menus of 
measuring torque. It is necessary thill it 
should Im calibrated l»y menus uf an necumto 
dytuiitnimoUn.Y bub the calibration is affected by 
variations in temperature and pressure of the 
mi ir(nimling atmosphere, cross-currents of air, 
and tlio proximity of supports, adjacent walls 
and floor, and of the prime mover mulor lost. 

Tho loud is adjusted cither by moving the 
plains idling tlio radial arms or by fitting plates 
of n different these methods of adjustment 
having tlio groat disadvantage of necessitating 
(ho slnppaigo of tho prime mover imdor tost. 

Attempts In render Ilia blades adjustable 
during mlatirm have mot with little success, 
owing till lolly to tlio difficulty of designing the 
adjusting mechanism In opornin against tho 
oiiutrifiigal forces acting on the blades. 

Tlio torque dun In the hint lew alone, for 
ordinary spends and sizes, varies as tho square 
of tlio speed, (ho cube of tlio mtlius of tho 
blades, the area, of tho blades, the (limsity of 
tho fluid in which tlio fan is working, and on a 
fnotor depending on tho environment. 

Tlio fan hrake is olioa]i to numufaoture and 
in usually easy to lit to tlio shaft of tlio prhno 
mover, For Uiose reasons it is frequently 
used omnniereially ns a brake for “ nnuiing 
in” and “emlumnoo” tests where tho power 
absorbed is not required to be known with 
Juki um«y. It may bo used for comparative 
tests provided the atmospheric conditions 
mid the environment remain constant through¬ 
out the tests, hut neglect of these factors may 
olfeiil; an error of 10 to 20 [ler cent in tho 
measured lonpio. 

{viii.) The " iiumrgot " Fun Unite for tenting 
Aminuutiatl Klighten .—hi order to reproduce 
as far as possible the cooling effect produced 
on an aeronautical engine 'under flying condi¬ 
tions, it is essential that the engine under lest 
id in 13 work in a current of uir projected on it 
at it speed comparable with the Hying speed. 

Tlio cooling is oiVceled in the escargot 
arrangement Ivy a fan brake driven by tho 
engine under test and mounted in a chamber 
resembling that of an ordinary fan easing. 

'The In lake of the air is in tho side of the 
easing opposite the fan centre. 

Biliary or mdinl engines are usually mounted 
inside tho escargot, Fig. 10, being then in tho 
direct path of the incoming current of air. 

Vee or vertical engines are fixed on a bed 
outside the fan chamber, and tho air from tho 
discharge orifLco is dirouted on to tho ongino 
either from alioyo or from tho front, 

fn I,lie latter arrangement the fail is driven 
through nil iiiicrinediato shaft and universal 
uoirpliugH. 

.Eui' 11 running in ” and “ endurance ” testa 
tlio brake may lie calibrated by menus of an 
elentrie motor, but is open to t-ho objections 
which have already' been summarised under 


the heading of tho “Fan Brake.” For {.«' fl 
of greater neon racy it is usual to mount I* 1 *' 
engine cm a Heating toripie-balnncio gear * 
which the renetivo torque on f lic ongino n 111 ,'* 
bo measured. 

When tlio engine is bo mounted it is essen tia b 
if accurate results tiro to bo obtained, t l 111 
tho axis of the rocking frame shall coiii*’**® 1 ’ 
with the fan axis, otherwise the mon'*"* 1 * 
measured will differ considerably front I 1*° 
trim torque according to tho position of f ln ! 
fan in the escargot. 

$ {.‘i) Than.hmisrion Dvnamomkthiih. - 

nionvicters .—In cases wbeio it is desire*l I" 
kcop a clioek on tho power dovoloped by 
prime mover, or where tlio absorption of tb** 
power cannot conveniently be effected > 11 

transmission dymimometer is employed. ■' '1 'l i **< 
iiistruiiioiit oxistB in several forms of to rub »»'- 
motors, the function of which is to men mi t<’ 
the angle of twist in a lengtli of tho ulinft 
driven by the prime mover, and from (bin 


Ido. 10. 

mcnsureinoiit, by prcvimiH calibration or l>y 
calculation, the torque is deduced. 

(i.) Ilopkinmt-Tlirivg Tomonme.ter ( Fig. I I ). 
—This Instrument was designed by 1 ‘rnlVrvm n- 
Bertram llopkinson and Mr, Tilling for Mu- 
detorinination of tho power trnnsmitted b.v 
turbine Hindis, and is used to a very largo ex It'111 
oil steamships. Tlio principle of the iippam tun 
is tho measurement of the relative anglo * d 
twist hotween adjacent sections of the Hluift 
and the indication of Ibis movement on a li v< l 
Hcalo. Tho lengtli of the shaft taken up by Ihu 
instrument is very Binnll, being, for m/.os uvtsr 
B inches diameter, about three dinmotoiw It > rif^, 
and for Rimdlor slinfts about four dimnetei'M, 

Tlio instrument consists essentially of ( \vc» 
flanges clipped to tlio shaft at a moiiHuicd 
distanco apart. A sleovo enclosing the slmfi. 
connects tho two flanges, being formed 
with tho ono but free to rotate tlirongb u 
small angle on tho otlior, by which it in 
retained concentric with tho shaft, Tho lwind, 
of tlio latter causes relative angular matiun 
hotween tho free end of tlio sleovo luitl the 
flange adjacent to it, and tliis motion is in til. 
eated on a fixed scale by means of a lnii'i-or. 
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Tho mirror in mounted on trunnions working 
in bearings fixed to tho (lunge, tho axis of the 
trunnions being mdial. Tho minor is pro¬ 
vided with a short ratlins arm which is con¬ 
nected In an adjustable block on tho. sleeve 
by a thin phosphor-bronze link. The tan¬ 
gential movement of tho sleeve block is 
governed by a micrometer screw in order tluit 
tho relation between the movement at tho 
radius of the mirror from the centre of the 
shaft and the spot of light on tho scido may 
be ascertained. 


A fixed mirror is attached to ono of tho 
flanges, which is adjusted so that tho spot of 



movable mirror when fchoro is no torque on 
the shaft. 

An clcotrio lamp fixed just above tho scale 
provides tho beam of light which is reflected 
from tho two mirrors on the scalo successively 
ns tho shaft rotates. 

A shift of tho apparatus relative* to tho 
scale is indicated by an alteration of tho 
position of tho beam reflected by tho fixed 
or “ zero” mirror, and tins can readily ho 
adjusted by moving the scale. 

Tho moving mirror is silvoted both hack 
and front so that two reflections, one on oithor 
:sido of tho zero, are received from it during 
one rovolution of the shaft. Tho mean of the 
two readings may thus bo taken wlmtovor 
the position of tho zero. 

Tho instrument may ho calibrated directly 
,by applying a known torsion to tho shaft 


io:t 


and noting tho reading uf the scale, nr by 
calculation from a knowledge of the torsional 
rigidity of the shaft and the various leverages 
and distances involved in the conversion of 
the twist to tho movement of the spot of light 
oil the scale. 

The apparatus gives an instantaneous 
reading of tile torsion in 
the shaft at a particular 
angular position in the 
revolution, tho angle 
boing fixed by the posi¬ 
tions of the mirrors and 
scale. 

The torsion at any 
other part of the revolu¬ 
tion may bo obtained by 
mounting tho scale on a 
circular frnmoconccn trio 
with the shaft and shifting the scale and lamp 
to tho angular position required. 

(ii.) The Ayrlon and Perry Tomionmcicr 
(Fiy. 12).—This dynamometer is designed for 
use in the place of the ordinary shaft colliding, 
which purpose it also serves. The two halves, 
ono on each shaft, are connected by memiM 
of helical springs, three or four in mini her, 
arranged in a position approximately tan¬ 
gential to the shaft. When power is traiiM- 
milted, the drive is taken through the spriuga 
which extend under tho load. Tho stretch 
of tho springs allows relative angular move¬ 
ment hot ween tho shafts, and this is indicated 
by a lover arrangement which 1ms the ultimate 
elToet of reducing tho distance of a bright 
bead from the shaft 
centre. Tho radial 
position of the 
bead is observed 
against a black 
di80 on which a 
scalo is marked. 

Tho apparatus 
is calibrated di¬ 
rectly or by cal¬ 
culation from the 
stiffness of the 
springs and the 
magnification of 
their extension 
which lias boon 
employed. Cali¬ 
bration against an 
absorption dyna¬ 
mometer is profcrablo if it is thought that 
the arrangement of the springs adopted in 
likely to give different calibrations statically 
and dynamically. 

§ ( 4 ) Thorn venorr on FnounE Brovr Dvna- 
mometer,— -Tho arrangement of this trunsmim 
sion dynamometer is shown in Fig. 13. The 
pulley T), fixed to tho shaft of tho prime mover, 
drives tho pulley P by moans of a holt which 
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pusses in turn round tho two pulleys A and R. 
The latter nro supported by u frame AiJL 
which ia pivoted <it h!. It is obvious that the 
clown will'd force mi the pulley A will exceed 
tlmfc on tlio pulley B by twioo the diiforoncc 
in tensions of the tight and slack silica of tho 
holt on either the driving or driven pulley. 
The frame ABL will there fore tilt down¬ 
wards ill A, but its symmetrical position is 
restored either by a force at .1*, or by lidding 
weights to a senlo-pan hung on nn extension 
of the arm A li at J /. The motion of the end 
of tho lover is eon lined within small limits 
P>y means nf stops. 

Tho holt Letmion difl'ettmoo is expressed by 
T~ Vfij‘2it nnd the liorsG-pinvor dcvclopeil hy 
.II .1*. — 2w'L'tt'N/^»50, tvlioro R and N' are the 
radius in feet and speed in revolutions per 
second respectively of tho driven pulley. 

Tim power is not transmitted entirely 
without loss liermiHe of tlm slip of the licit 
mid the pulley hearing friction. These lessen, 
however, cun lie determined by independent 
dynamometer tests. 

{j (r>) Dvnamombtkii Oaks and Tbaction 
I )y N AiMoMBl'Kits. — Many instruments have 
I icon designed to mensuro the resistance of 
vehicles to Lmotion nnd also tho tractive cirort 
nf self-propelled voliioles. Tho pull is usually 
transmitted through either a small plunger 
or diaphragm, in whiiih case (lie pressure sot 
lip in n liquid column is recorded hy means 
of a pressure gauge, nr through helical or 
laminated springs tho delloelion of which is 
indicated on a scale. 

(i.) The .British Ammuilum Apparatus. — 
Home of tho earliest tests in this country 
wore curried out with a special dynamo motor, 
designed for the British Association, for the 
tiinnmmiinout of (lie resistance of rond vehicles 
to trim l ion. 1 

The apparatus comprised a castor frame in 
which could be mounted a singlo wheel on 
which the experiments worn to 1m miulo, a 
system of lovers for transmitting to a small 
plunger tho pul! oxertecl on Iho wheel, a 
recording pressure gauge for registering the 
pull, nnd a recording speedomotnr. 

Tho castor frame was nf wrought iron and 
rootaiigiilnr in slmpo, and was adapted to tako 
wheels iif various widths. Tho axle of the 
experimental wheel was mounted oil springs, 
one under each side of tho frame. Tho springs 
used were of the ordinary laminated carriage 
typo construoted in such a manner that 
tiioir stifl'iiesH could bo adjusted hy varying 
the niimbor of plates forming a spring. Tho 
frame was loaded by cast-iron weights Pitting 
over tlie ouster frame. 

An utlnofimout was made to tho lovers 
transmitting the pull by n- swivel joint which 
allowed the frame to oscillate vertically and 
1 llrltisli Association Jtcport, JOOU. 


to follow freely round a. curve without atfi■<'-1 * 1 '■ 

the rocords, but so held it, that (lie 
always remained vertical. The fiilcriiiti 
tin; lover could bo moved to either nf 
positions such that the pressure on tho p|ui)t-A* ,r 
was equal to, or two, four, or eight times* 11 >'' 
pull exerted on the frame. The range nf M**’ 
apparatus could thus he varied from n tufiOR I * >f '- 

The record of pressure nnd spend was n»n« D> 
by jieimils on a sheet of paper which w' 11 * 1 
rotated hy a roller tho motion of which w' 1 *-*' 
obtained through gearing from tins mail wh*’«'l* 

(ii.) The JIi/itH fndnmeut .—This ilynun*'*' 
meter bus been specially designed for the di'1 ■ ’ r ” 
minatkm of tlie draw-bar pul) of farm iruotm a 
and tho trnetivo icsistaneo of ploughs work ii»j? 
under various conditions. 

The pull is transmitted from (he tmc.liH" f 41 
the plough through a link or chain an* I ** 
piston working in a cylinder. The l»t f t * - ■” 
contains a rubber Img containing liijuid whieii 
is compressed l>y tho piston, '['his prosHi i *'*' 
unit is hitched in one of three dilfcront wnyi' 
giving different ratios between tlm pull mid *•*"' 
pressure on tho rubber bug. Tho three hit*'In -n 
correspond to maximum pulls of JJOd, pop, n ml 
1200 lbs. respectively. 

The recorder consists of a Ihistol reei.nl i>»Jt 
pressure gauge. It is coimeoled to the presni i i*‘ 
unit by a flexible metallic tube which rmivnyn 
the lirpiid under pressure from tho rubber lmg 
to a Bourdon pressure tube wliioh noliifU « vi 
the poll inoelmnism. A noodle valve, insert <•«I 
in the pressure tubo, may be adjusted In eon I r* »l 
tho ilow of liipiid and to damp out exeeanivi’ 
vibrations of llio pen. 

The chart is a circular sheet of paper ilivi* !«’* 1 
by a series of eoiicontrio oireles aernsii which I I»•> 
j.on travels in an approximately radial dircot m 
from the dontro outwards with increasing pull. 

The chart is caused to rotate l.y a wlu-el 
which rolls over the ground and which in 
connected to the recording instrument by 
a floxiblo shaft and suitable gearing. The 
oiramiforonoo of tlie chart ia divided 
equal parts each representing a (lisl-ui it 
travelled of 100 feet. 

A second pen records the elapsed limn on 
an annular space at tho edge of tlm churl, 
A olook in tho recorder case, lilted will* u 
cam, trips the time pen at one-minute interw i hi, 
nnd fraotions of a minute Tuny he estimu l«■« I 
by counting tho numlicrof smaller spaces i .\-t <t 
which tho pen 1ms travelled. Tim division in 
accomplished by dividing the annular ii|iik‘m 
l)y a number of concentric eiroles and 1 ».y 
causing the time pen to travel from the on t«-r 
to tho inner ring in tho minuto interval, after 
which it is again tripped haelc to the oiittir 
ring, its path being practically a radial linn. 

The recorder is lightly built mid is pmvulnr 1 
with straps hy which it is carried l.y uu 
assistant during a test. It is arranged I lint 
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the rolling wheel may either bo clipped to the 
tractor or guided by hand. 

.From the chart obtained, tho draw-bar pull, 
the difitunco travelled every six seconds, and 
the speed during the test may ho deduced. 

(Hi.) The National Physical Laboratory Tractor 
Dynamometer Car. —This apparatus was con¬ 
structed solely for measuring and recording 
tho tractive effort of farm tractors, for which 
purpnso it has been successfully used. Tho 
car employed was a hoavy four-wheeled lorry 
trailer, tho rear wheels of which wore fitted 
with speeds and band brakes, tho latter being 
operated by a hand wheel from tho front of 
tho vehicle. Tho apparatus was mounted on 
an extension of the bogie frame carrying the 
wheels of tho trailor. 

Tho pull of tho tractor was converted to 
pressure on a leather diaphragm by means 
of a bell-crank lever suitably pivoted, tho 
diaphragm being faced on tho pressure sido 
with a rubber disc to provont leakage of the 
liquid in the diaphragm box through tho leather. 
A flexible hydraulic pipe connected tho dia¬ 
phragm casing to a Bourdon pressure tubo 
operating a pen mechanism, and a record of 
the pressure was thus obtained on a roll of 
paper. The latter was caused to move pro¬ 
portionally to the distance travelled by the 
ear, the driving drum being rotated by moans 
of gearing and a flexible shaft from tho 
loading road wheels. 

Two other pens wore also provided,' one 
operated by a clock in order to give time 
indications every two sooonda, and tho other 
operated through gearing and giving indications 
of the revolutions of tho tractor onginc. 

Tho diaphragm box, to whioli was attached 
the fulcrum of the bolUomnk lever, could bo 
adjusted vertically so that tho ropo or chain 
connection to tho traotor could bo arranged 
horizontally. 

In carrying out a test, tho brakes of tho 
car woro adjusted, and tho ear loaded with 
(lend weights, until either tho engine of tho 
tractor was pulled up or the driving wheels 
began to slip. Thus the maximum pull of 
the tractor on the particular surface chosen 
for tlm tests was obtained. 

(iv.) Railway Dynamometer Cars. —Dynamo- 
inotor cars have been constructed for traction 
tests on locomotive engines and tractive resist¬ 
ance tests on railway rolling stock. Tho oar 
usually takes tho form of ft special coach, tho 
draw-bar pull and buffer thrust being recorded, 
with tho speed, on a papor-covered drum driven 
through gearing from one of the road whools. 

A most successful car of this typo is that 
designed by Mr. George Hughes for the 
Lancashire and Yorkshire Railway Company. 
Tho various instruments with which this car 
is fitted enable complete records of tho per¬ 
formance of tho locomotive to he taken, 
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including draw-bar pull (or push) upend, 
acceleration or retardation, and boiler picssnn' 
of tho locomotive. 

Other factors influencing the performance 
arc also indicated on the chart by observers. 

Considerable care and experience is required 
in the design of a car of this kind, and tho mum 
salient features of the Lancashire and Y'urh- 
shiro Railway car are here described for llu< 
first time by tho courtesy of tho Gliief 
Engineer of that Company., 

(v.) The Lancashire and Yorkshire .Railway 
Company's Dynamometer Car, —Tho draw-bur 
pull and the thrust on tho buffers of 1.1 in ear 
are transmitted to two compound springs, nun 
being provided for tlio pull and tho oilier fm 
tho push. Each is made up of a number of 
independent plates bound together by a pair 
of buckles at tho centra and connected by 
links at the ends. Tho link pins can bo with¬ 
drawn separately as desired, and this ennlilcn 
tho number of plates in operation to bn 
adjusted to suit the load hauled, from u uingli* 
clinch to tho heaviest train, utilising tlio full 
deflection of the springs. 

The spring deflection is recorded directly 
on tlio record paper without Urn intervention 
of lovers, showing draw-bar pull above, uml 
buffer thrust below, a datum line. 

The external carriage coupling urrangeimmlc 
ftro ntfindard practice so that the ear can be 
coupled up as readily as any ether vehicle. 

Tho draw-bar and buffers arc connecteil in ri 
rigid frame which moves each set of springs in 
ono direction only so that the tightness of I be 
screw shacldo between the engine and the cm 
docs not affect their indications, 

A compensating beam equalises tho lliiinu 
on tho buffers when negotiating a curve. 

The draw-bur passes through a friction device 
which can bo brought into operation to lake the 
load off tho springs when tests arc nut being 
made. Tliedovico is also used to absorb excep¬ 
tional shocks during tho Inst inch of ilollcel ion 
of tho springs. Amain cross-beam near Him 
contra of tho ear imdcr-fnvmo forms n fiiundn 
tion for tho springs and the instrument I able. 

Tho motion of tlio ear is not recorded from 
tho ordinary road wheels but from a special 
measuring wheel arranged between tho lending 
ami trailing wheels of the bogie, so that there in 
little lateral movement when rounding oun c.’i. 
The measuring wheel is pressed ou tho rail by 
a spring and can bo raised or lowered <ei 
required. Tho motion is transmitted In On* 
instrument table by worm gearing and flexible 
couplings forming a positive drive. 

Tlio instrument tnblo carries tho rueniil 
pnpor drums, tlio speed gear which regain (i-h 
tho relative speeds of tho pnpor and tlio train, 
a distance indicator, a work integrator, a 
recording and a visual speedometer, a Htundiud 
oleetrical dock, and an inertia ergomcler. 
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minutes pop pair of springs in nso. A counter 
gives the total positivo, total negativo, or 
algobruio sum oE tho liorso-powor minutes 
(lone by tho draw-bar, ns required. 

The speed recorder works on a positivo 
principle, namely, that tho distance travelled 
in a dolinito thno (4 sees,) gives a nioasuro of 
tlie moan speed during the four seconds. 

(vi.) The. Inertia Ertjomcler .—This was 
introduced by Joseph Doyen, Chief Engineer 
of the Belgian State Railways, and is a com¬ 
bination of the Dcsdouits Inertia dynamometer 
(pondnlum) and the Adbanlc-Abnkanowicz in¬ 
tegrating roller. Tho pendulum is mounted on 
knife edges and swings in tho direotion of 
motion of the ear. Tho tangent of tho angle of 
the pendulum with its neutral position is pro¬ 
portional to the nlgohmio sum of tho force 
of gravity and tho forco producing change of 


. 14. 

mover can bo calculated. By combining this 
information with that of tho draw-bar integra¬ 
tor the locomotive resistance, train resistance, 
total resistance, and nceolorntivo ofToofc of tho 
lonomotivo can be obtained for any speed. 

Curvature of tho track is indicated and lias 
been found to aocount for many peculiarities 
in tho diagrams obtained. Fig. 14 is a general 
viow of tho instrument table. Tho work 
integrator is shown in the contro foreground ; 
tho lover from tho draw-bar springs stands up 
through tho,central slot in tho table and tho 
pendulum lover through the slot on the left. 
Tho orgometcr drum can bo seen to tho loft 
of tho top of tho draw-bar lever. Tim dock 
is removed to oxposo tho orgomotor to view. 

Fig. 15 is a specimen, reduced in size, of 
tho chart obtained for a run of approximately 
six miles. 


Tho record paper can bo driven at speeds 
varying from six indies to twenty feet per 
mile travelled ; a counter marks the paper 
every mile. 

Tho work integrator consists of a disc 
rotated from the road wheel, and across the 
face of tlio disc a roller is moved by tho 
extensions of tlio springs. The rotation of 
tho roller is therefore proportional- to tlio 
product of tlio draw-bar pull and the distance 
travelled, and this work iseontimiously recorded 
«m tho chart as a serrated diagram, each peak 
representing approximately 50 horse - power 


velocity (acceleration or retardation). Tlio 
integrating roller multiplies this force by 
distance and the result is indicated on the 
record paper as an inclined line. Tlio change 
in tho ordinate of this lino represents tlio 
ehango in tlio algebraic sum oE tlio potential 
ami kinotic energy per unit mass of tlio train. 
When coasting free, the loss of energy recorded 
is duo to train resistance, and is therefore a 
direct indication of it. 

By means of a run made up of alternate 
hail lings and coastings tlio orgomotor provides 
data from which the work dono by tho prime 
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(vii.) The. Swiss Stuff. Hu it win/ Car .—Much 
of tho apparatus lilted in this dynamometer 
ear is in inruiy respects similar to that «f the 
Lniieiishiio arid Yorkshire Railway Company ’h 
instrument. Tho principal difference between 
tlm two earn lies in the method of measuring 
llm tractive effort, which in the present 
instance is liy the use of hydraulic gear. 
Undoubtedly the hydraulic dynamometer has 
distinct advantages over the .spring type, 
provided it is carefully designed and accurately 
made. 

The pull of the draw-lmr is lra.iinniiktod to a 
Hteel plunger working in a steel cylinder, both 
elements being ground so accurately ns to 
render the use of packing unnecessary. The 
cylinder is filled with oil by which t-ho presHiiro 
is transmitted to the recording instrument, 
anil it is arranged Hint there is n very alow 
leak of oil between (lie plunger urn! the cylinder 


wall in on lor to provide lubrication for the 
formornnd to minimise its frictienal resistance, 

Tin. arrangement of the pressure unit is 
hIiowii in Fiif . Id. There me two plungers, 
indicated at A ami II, lilting into cylinders 
which am plneod hack to bade mid formed in 
a solid forging. The draw-hnr pull is trans¬ 
mitted to one of the plungers, and Uio buffer 
tlmiHt to the other, Uy means of tins crossliends 
(5 and I) and Uio roils 10 and F. The latter arc 
guided by rollers suitably supported by a 
rigid frame. The clouraneo h paces in tho 
eylindei's, lieliind the plungers, am connected 
by pipes to a distributing vulvo, and from 
thence to the recording imichanimn. 

'Pile rceorder consists of two small measuring 
cylinders nrranged in tandem mid provided 
with diITonmtin! plungers opposed to each 
other. This arrangement provides that by a 
suite file setting of the distributor valve tho 
resultant urea of (lie plungers exposed to tho 
oil pressure from tlm main cylinders may Jin 
varied in the ratio of l : 2 : 8 r thus by rotation | 
of the distributing vulvo it Is possible to select | 
oitluu* of three hoiiIoh for recording tho loud. | 


A calibrated helical spring is fitted bol/W «' 4 
the two differential plungers and is t;ompi , « 
by their motion. The compression i»f 
spring is a measuro of the resultant. ( .ii<1 f“ r ‘ *’ 
on tlio plungers and, therefore, of I ho dilh-i** 11< '** 
between the draw-liar pull and bullW 
and this motion is transferred dircetly («* • 
record paper by a red carrying n style. 

During prolonged runs the slow loir Ic r* / ' 
past the main plungers limy cause one of 1-11 * ‘ 1 " 
to touch the base of its cylinder, but bid ‘ ,, ' <1 
such a condition can arise an equalising vi* • v *’ 
is brought into operation which 1ms the t * '<'t 

of equalising Hie pressures in tho two eyliii»I«’ ,rl 
and restoring their central positions nsHl»<»' v l 1 
in the figures. Fresh oil is drawn into the 
cylinders from a reservoir, through a non¬ 
return valve, when required. 

§ (0) Sl’GOIAI, ])YNAMOMKTKIIS. (i.) The . / ><< • "* 
hr Lancheshr Worm-{/ear Tc/ttin{/ Marhittf* 

This inaohino wan deni| • i«* 11 • 
.lainolit’J*! , ' 1 
for the accurate moo mu i« 
mont of tho olTioiom "„V 1 

worm-gearing. A *«I 
gmmniatie sketch of ilu« 
apparatus is given i*i 

riff. 17. 

Tho ellieicnoy of nnxb'i u 
worm gears ‘for power 
transmission in of (ho nuli-r 
of Hfi per cent, and, n 11 < I • * 
Hie best conditions of hmd - 
ing and lubrication,an high 
as 07 per «;oiit., Willi jhi i r -11 
efficiencies, separate didor- 
minfttions of llm tor<(«ic>:i 
in tho W'orm mid ivorm- 
wheel shafts by any of tho inolhods ali om Jy 
ilesoribod would ho liable to give mislourliiij* 
results unless thoaeeuraoy of tlm mensim*incid 
in each case was within a small fraction of I 
pnr cent of the true value. For example, in 
the case of a gear of 07 per cent cllioiem <y, a f 
the torques could ho measured Kopuralel^* I n* 
an accuracy of 0-2 per cent, t he oxperinuVi i n I 
do term i nations of the efficiency might ninge 
from 90-0 to 97-4 per cent. It is cvhli-til , 
therefore, that, the ordinary motliods of Inn [ ne 
monsuromont in which tho emir may lio m<i 
much as 2 per cent are quitn useless for t ho 
purpose, and that a method of much fd en f or 
accuracy is required. Tho Laiieliester nm < ■. hi i ■ ■ c • 
measures, in effect, tho ratio of tho t\v«» 
torques, aiid tho over-all oflioionoy of a ivni-m 
gear with its bearings can ho obtained wiilt iji 
an accuracy of 0-2 percent. Indeed, dilTomntfOfi 
of e/Ticionoy duo to suoli causes as oluuijgo in 
tho tomporature of tho lubricant oun ho min i I v 
detected. 

Referring to Fiij. 17, the gear box in mip. 
ported in a cradle A in such a mail nor Hin t X ( 
has freedom of motion through a small angbi 
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iilimit two axes at tight angles, The worm is 
driven by ti shaft. 35 through the intermediate 
shaft C, the latter being provided with uni¬ 
versal couplings at each end. In the same 
maimer tho wheel shaft is connected to the 
bevel box E through the shaft- 3) and the 
universal couplings El 1 '. The load is sup¬ 
ported by a bracket K fixed to the arm 0, 
the axis of the arm being parallel to, and in 
tho same vertical plane as, the worm-shaft 
axis. 

Tho load is not fixed directly to the bracket 
but is carried by a slider from which it is 
hung : by a screw and nut devico tho distanco 
of tho loud from tho axis 
of tho arm can ho varied. 

The position of the 
bracket with respect to 
the wheel axis being fixed, 
tho moment of tho load 
about that axis is equal 
to tho produot of tho 
weight and the length of 
tho arm, and is always 
tho sumo for tho sumo 
load. 

Tho moment about, the 
worm axis, however, can 
he adjusted by moans of 
tho screw gear, tho read¬ 
ing of the sealo on tho 
bracket giving the dis¬ 
tance of the 
weight from 
the axis. 

It will he 
soon, there¬ 
fore, that 
assuming the 
gearolTioioncy 
as 100 per 
cent, and the 
gear ratio as 
It, the speed of tho worm being It times that 
of the wheel, the torque on the worm shaft 
will bo I/It times the torque on the wheel 
shaft. The load being tho sumo for each 
torque, tho distance of the weight from the 
worm axis will be 1 /I.t times its distance from 
the wheel axis. 

Tho efficiency of tho gear being less than 
100 per cent, tho load must he moved farther 
from the axis of the worm in order to balance 
tho gear box against the two torques when 
running under.load. 

The calculated distance of tho weight 
from tho worm axis, assuming 100 per cent 
efficiency, divided hy the distance required to 
produce n htilaneo, gives tho efficiency of tho 
gear. _ 

Tho drive from tho worm wheol is taken 
through tho hovel box to tho belt pulley M, 
tho latter boing of such a diameter that it 


t'lof-DE-C 


M 



tends to drive tlio pulley N on tho driving 
shaft 15 at about per cent higher speed 
than is established by tho bevel and worm 
gears. 

In othor words, it is arranged Unit the peri¬ 
pheral speed of the pulley M is ii per cent 
higher than that of (he pulley N. 

Tho belt connecting the two pulleys can ho 
adjusted in tension, over a wide range, an 
increaso in the tension producing an increase 
in tho torque. By this means the pressure 
between the teeth of the worm and wheel 
can he mado to correspond with the trans¬ 
mission through tho box of ns much as 150 
horse-power, it being only 
necessary to supply tho 
loss of power in tho gear 
and apparatus from an 
external source developing 
about 15 horse - power. 
This ingenious principle 
enables prolonged tests to 
bn carried out at a small 
fraction of the cost whioh 
would ho involved if 'tho 
whole power wore devel¬ 
oped and absorbed. 

(ii.) Spur (imn mid Driv • 
iiiff d Jin in Ti'ilhifi M ne,kin e 
(National Physical buboiu- 
lory).—This muchino is 
arranged to measure the 
difference of 
the torques 
of two shafts, 
together with 
the measure¬ 
ment. of one 
of tho torques 
separately. 

It will bo 
evident that 
tho high de¬ 
gree of accuracy required in the Lnnohcstor 
machine is not essential in tho prosonl 
machine. 

Thus, supposing tho true efficiency of a 
spur gear or chain drive is 5)7 per cent, 
and tliat the determinations of the torque 
and torque difference nro each within 2-5 
per cent of their true values, the esti¬ 
mated value of tho edioienoy of the tmns- 
minaion from the observations may rangn 
from 0(1-5) por cent to 517-1 per cent, which 
is of a higher degree of neon racy than 
that obtained by measuring tho torque ratio 
to 1 - 0-2 per cent. 

Fig. 18 shows the arrangement of the machine, 
Tho frame carrying the gears is onUroly sup¬ 
ported by hori/.ontal knife edges, and both 
driving and driven shafts are considomhly 
extended and provided with hall-hearing uni¬ 
versal joints at each end. Being supported in 
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this manner, the frame can execute Hrnalt oscil¬ 
lations in ii vertical plane about, its neutral 
position. 

The in ter media to wheel is rendered neces¬ 
sary in order to secure that Ihe reaction on 
the frame should be equal to the difference 
between the torques of (ho driving anti driven 
shafts, ami for this to ho the ease it is requisite 
that the shafts should rotate in tho sanio 
direction. 

Tho first and intermediate gears and tho 
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Tilting Frame 
Annngctl for Spur Gears 



intermediate and tho third gears form two 
pairs under test. 

When a chain drive is under test no inter- 
luediato gear is necessary for tho shaftB to 
rotate in the same direction. 

If no intermediate whool wore used in 
the gear test, tho reaction on tho frame 
would ho equal to tho sum of tho torques 
of tho two shafts, and tlio object which it 
lias been attempted to acliiovo would bo 
defeated, 

Tho frame is provided with an oil dash-pot 
for damping its oscillations and a torquo- 
ftim sonic-pan and spring for Uio torquo 
difference measurement. Rigid stops nro 


provided for the torque mm * 
amplitude, readings being hd,<<u 
is level. 

A Hopkinsnn-Thnng iimiii.nu' 4 
to determine tho torque on ilu- if 
and in carrying out a leal an .* I ► 
lates the torquo and niumluiim u h- 
value, whilst a second ohaorvor 
with tho torquo monKiiremeni ■ 
frame. 

The method of inorraaiiii' * I 
between tho gear tooth in on ih> 4 
oiplo as that adopted in (In- 
machine. This secures I (ml only" 
power needs to ho Hiipplird fimii 
source. Tho centre dishim-n .4 i 1 
is made adjustable over u «i>l 
aceominodute varying nizcii >.f 
lengths of chain drivo. 

During testing tho tilling fi.m* 
onoloseil in a light ease mid pun »?' 
to spray tho lubricant on Iln- .<■*' 
being supplied by means of a |Ii>h 
suoh a mannor that no emiliol mi 
exerted, 

In testing spur gears the vs I. 

T 3 on the lust gear can irudiR I 
from tho observed (lulu, 'ill* 
of a pair of gears is given, llv 

V = Vl'a/T,, whoreT, is (lie inewmi * 
tho driving shaft, 

Tho efficiency of a chain is giv. u * 

(iii.) Spur Gear-hnj: Tritmf, 
(National Physical Tjftluiinloiy>, / 
this nmcliino tlio gear box in inoim 
a manner that it is free lo •>•>< r 
mean position on tho axis id lie, ■'ll 
and lire torquo nil Uio frame <•( t I 
is balanced and measured. The i 
only bo used in eases when* lie* « 
driven shafts of tho unit no* », 
leave tho box at npponiln ■ n> I 
usually tlio form of gear !«•<>• - -i 
mobiles for wliioh the npparaliit n -..s 
designed. 

Tho unit under tost is fixed hi t% 
frame provided with hollow * * * i 
axially with tho main slmffn, Tij 
are supported in luill-lieuilng > <*.-■ 
frame and gear box can till in »uli* 
tlio frame being lilted wilh i* I 
provided with tho usual dimli.p-.t, 
spring, balance weight-pan, mill 
its motion. 

The two shafts of the gear h-* 
nected to a primo mover ami ut» 
dynamometor respectively, or lie* i*i 
may be fitted as a dynamojinhi. u * 
a steadily nUming brake only i* i 
the transmission end. 

Tho method of test is vn \ 1 1 

accurate than that of measuring rfj 
and “output” torques, for in 
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of llie springs, proportional to this torque 
transmitted, being indicated by (lie relative 
displacement of a pointer ever a drum 
which carries a slip of paper. The position 
of the pointer at any time during an experi¬ 
ment is recorded by passing a series of high- 
tension electric sparks through the paper so 
that the magnitude of the torquo may be 
directly calculated from the known calibration 
of tho springs. A pencil or pen could not ho 
used for tlie indicator because of the didieulty 
of balancing the centrifugal forces culled into 
play by tho high speed of rotation and also 
the Motion of the pen or pencil on the drum. 
Alternate torque springs are wound in opposite 
directions so that the forces produced by tho 
tendency to unwind duo to centrifugal action 
counterbalance each other ; with this arrange¬ 
ment it wns found Hint tho static and dynamic 
torquo calibrations agreed with each other. 



arrangement, when the efficiency of the gear 
box is of tho order of 07 per cent, no exact 
results can be obtained, because tho orrors 
in estimating the two torques directly affect 
tho calculated efficiency. 

Consideration of tho two cases will show 
that in the latter, assuming tho accuracy of 
both torque readings as -tl per cent, tho 
efficiency obtained will vary from 95 to 
99 per cont if tho actual efficiency is 97 per 
cent. 

On the other hand, using the more accurate 
method, and assuming the accuracy of the 
dynamo meter as ± 1 per cent, us before, and 
that of the torquo measurement on tho gear¬ 
box frame as + 2 per cont, tho efficiency 
determination will vary between 9(5-9 and 
97-1 per cont, ?',e. a variation of only emo- 
twentioth of tho first method. In practice tho 
accuracy of tho measurement of tho torquo 


on tho rectangular framo can bo determined 
to about 2 per cent, 

The apparatus lias boon used to dolormino 
efficiencies under different conditions of lubri¬ 
cation, and differences duo to temperature 
and quality of lnbrionnt have boon ob¬ 
served. 

§ (7) Aerial Propeller Dynamometers.— 
In order to accurately determine tho perform¬ 
ance and efficiency of airscrews, two dynamo- 
motors liavo boon designed and made in the 
Aeronautics Department of tho National 
Physical Laboratory. 

The problem of the design of such an instru¬ 
ment involves tho determination of tho air 
speed rohitivo to the propeller, tho torque nml 
tho thrust, observations of each being mado at 
the same instant of time. 

In the two widely different forms described 
bolow experiments wore made on scale model 
airscrews about one-sixth full size. 

§ (8) Whirling Arm Dynamometer. —A sec¬ 
tional drawing of tho dynamometer is given 
in Fig. 20. Tho airscrew shaft is driven 
through flat coiled springs S, tho extensions 


The airscrew shaft is allowed a small axial 
movement, und it is so supported that this 
movement lakes place with extremely littlo 
Motion. Tho end of tho shaft bears against 
an oscillating lovor, being directly controlled by 
tho thrust spring b, tho tension of which is 
adjusted by moans of tho mioroiiiotor screw 
/ and two adjustable stops, both the latter 
being insulated olcotrically from the frame of 
tho instrument. 

When the thrust of the airscrew balances 
tho pull of tho spring the lever (Inals between 
tlio stops, but when the thrust is too great or 
too small contact is mado with one or other 
of tho stops and an indication is thus given 
by means of a galvanometer. 

Oscillations in tho torque springs duo to 
Bin all irregularities in the driving torque aro 
damped by the oil dash-pot K. This con¬ 
sists of a series of concentric discs, alternate 
disos being attached to tho sleeve carrying tlio 
inner ends of the springs and to tho drum to 
which tho outer ends are fixed. Tho oscillations 
aro damped by tho fluid friction between the 
discs. 
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The apparatus is mounted oil a whirling 
arm about BO ft, in radius, and the cen¬ 
trifugal force on the airscrew 1 ms no 
component in tho direction of the thrust. 
Certain forces due to centrifugal action are 
automatically balanced by suitably placed 
masses. 

The airscrew speed is measured by means 
of the voltngo obtained from a small electric 
generator driven by tho propeller shaft, or 
alternatively by measuring tho time elapsed 
for each hundred revolutions of tho shaft. 
Tho speed of tile apparatus relativo to the air 
is obtained by means of a Dines tube. All 
electrical and air connections are taken to the 
central shaft of the whirling arm, from which 
they are again taken to an observing lable 
whore tho speeds of the arm and propeller 
shaft are controlled. 

§ (1)) Fix mi Amiran Proi-eller DYNAMO¬ 
METER I'OR USH IN A WiND Oil AN NHL.—A 
sketch of this apparatus is given in Fiy. 21. 
It consists of a small olciotria motor A bolted 
to a cradle, tlio oiuls of which are attached to 
two hardened steel points bearing in tho cups 
of tho “ Y ” pieces M. Those “ Y ” pieces 
are rigidly conuoctod to tho lower ends of 
tho diagonally arranged wires 0, tho upper 
ends of which are supported from tho roof 
of tho tunnel by stirrups carrying hardened 
steel points bearing in the eups D. With 
this method of support tho oleotrio motor 
is eapablo, if thoro is no other constraint, of 
a swinging motion in tlm direction of tho 
motor shaft and also of a rocking motion 
about the axis passing through the points B, B, 
this axis being parallel to, and slightly bolow 
tho axis of, tho shaft, A spindle arm E, 
projecting from tho undorsido of tho cradle, is 
connected by a strut and a “ 0 ” spring to 
tho top of a spimllo clamped to the head 
of nil norodynamioal balnneo the vertical 
bend of which projects up through tho floor 
of tho wind channel. Tho spindlo arm E 
and tho top of tho balance arm are enclosed 
in a guard which is streamline shapo surround¬ 
ing tho strut and “ 0 ” spring. A revolution 
counter drivon by the motor shaft and in 
cleotrioal communication witli a bell enables 
the rotational speed of the airscrew to bo 
measured. To avoid nny unnecessary con¬ 
straint of the moving parts of (ho apparatus 
the cloctriciil connections to the motor aro mado 


Earth : 

Ago of, deduced from Cooling. See “ Heat, 
Conduction of,” !j (12) (iii.) (a). 
Foundations, Effect of the Percentage of 
Water present on. Seo “.Friction,” $ 

m 


through tho mercury cups G. The scale of 
the model airscrew used with tho apparatus 
needs to bo such that tho motor with its 
contiguous parts is completely enclosed in a 
shell of the model aeroplane body .K, and such 
ns to ensure sufficient clearance between tho 
surrounding shell and the moving parts of tho 
measuring apparatus. Tho body is suitably 
supported by liars from tho sides of tho 
channel. 

When measuring torque, tho rooking axis 
MB of the motor and airscrew, which is 
parallel to tho airscrew shaft, is fixed 
parallel to tho centre lino of tho channel 
by rigidly attaching the “ Y ” pieces to 
the burs L. Tho brackets at the lower 
end of tho arm E and at tho top of tho 
balance spindlo aro adjusted so that the 
strut which transmits tho load to tho top 
of tho lialnnco arm is at right angles to the 
airscrew shaft. A direct calibration of tho 
apparatus may be made by applying a 
known torque and weighing directly with the 
fialanco. 

To measure thrust, the “ Y ” pieces aro 
detached from tho bars L so that tho motor 
and airscrew have freedom to swing in a 
longitudinal direction about tho points D at 
the upper ends of tho wires, and the points 
B of tho motor cradle. Tho brackets on tho 
lower end of the arm E and tho top of 
tho channel spindlo aro adjusted so that, tlio 
strut F which transmits tho thrust to tlio 
top of tlio balance is parallel to tlio airscrew 
axis. A strut N, which is held in position 
with a “ 0 " spring between tho bmekot 0 
and tho cradle and ono of the liars L, pre¬ 
vents tlio motor rocking about tho axis BB. 
Tho calibration of tho thrust apparatus may 
bo obtained by applying a known thrust along 
tlio airscrew axis nod measuring directly tho 
airscrew balance. 

The air velocity in tho channel is measured 
by a tilting manometer. j. u. n. 


Dynamometer, British Association. .Seo 
“ Dynamometers,” § (fi) (i.). 

Dynamometer Cars. Seo “ Dynamometers,” 

§ (fi). 

Lancashire and Yorkshire Railway Co.’s. 
Seo 11 Dynamometers,” § (5) (v.). 
Dynamometer, Hydraulic;. Seo “Hydrau¬ 
lics,” § (fU). 


Temperature Waves in. See “ Heat, 
Conduction of," § (12) (i.) («), 

Eccentuio Gear for Slide Valves. Sco 
“Steam Engines, Reciprocating,” § (2) (iii,). 
Eddy Current Brake for Power Measure¬ 
ment. Sco “ Dynamometers,” § ( 2 ) (vi.). 
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Enin' Resistance. Sen “ Ship Resistance 
and Propulsion,” §§ (18) and (14). 
limn' Viscosity. Sen “ Mechanical Viscosity, 
Friction,” {10), (U), (12). 

Efficiencies of Inteunai, Comhvstion 
Engines, Table of Ideal Values. Sco 

“ Engines, Thonnodynaniics of Internal 
Combustion,” § (40). 

Efficiencies of Petrol Engines. Seo 

“Petrol Engine, The Wator-cooled,” §§ (2)- 

(+)• 

Efficiency of a Meat-engine, The eflieieney 
is measured by fcho ratio (Q, - Qt)IQ v Q, amt 
Qii being tiho amounts of heat talcon in and 
rejected respectively. If TV, T, bo the 
corresponding temperatures on the Absolute 
Thormodynumio Scale, wo liavofor a revers¬ 
ible engine 

Qi ~ Q > T, - T a 
Qi " 'A’- 

Thus tho eflieieney of any reversible engine 
working between temperatures T\ and T a is 
0\-T 2 

Tf • 

See “ Thermodynamics,” § (2u). 

Efficiency of Raniiine Cycle. ‘Sue “Steam 
Engine, Theory of,” § (3). 

ELASTIC CONSTANTS, DETERMINA¬ 
TION Oh’, AND TILE TESTING 01*' 
MATICUIALS OF CONSTRUCTION 
ij (1) Introduction. — Tho rciiKons for tlic 
testing of materials of construction are various 
and dopond upon tho point of view in which 
the inquirer approaches the mibjoot. 

Tim designer, in order to proportion tho 
parts of his maohino or structure and apply 
his theoretical calculations, requires to know 
tho physical constants of tho materials with 
which ho deals. Tho aim of tho Boionlifio 
oxporimentor is to supply this data in order 
that tho theoretical researches in applied 
mechanics may bo applied to tho problems 
with which the engineer, is confronted in his 
practice. Absoluto results concerning definite 
properties of materials form tho basis of 
scientific testing. 

Tho material to lio used in the construction 
of any structure can usually bo obtained from 
sovorul sources of supply and of several grades 
and prices. Tho engineer wishes first to indi¬ 
cate to tho manufacturer tho class of material 
ho needs, and for this purpose lie supplies 
him with a specification containing among 
other things particulars of the properties 
required. Tho design is based on certain 
values for tho physical constants, and these 
values are the real criterion of the suitability 
of the material for tho purposo for which it is 
intended. Tho determination of tho constants 
is usually a slow laborious business requiring 


considerable skill and scientific ability. Ap¬ 
proximate tests have been devised, which 
are only intended to give a comparative 
indication of tho physical properties of the 
material. Tho results expected from these 
tests are inserted in the specification ; in sumo 
cases they approximate closely to tho scientific 
tests. 

It is, obviously, important for tho engineer 
to ho assured that tho material supplied 
fulfils the terms of the specification, and for 
this purpose he selects sample, portions of the 
material and subjects them to tho specified 
tests. Commercial testing is therefore carried 
out to determine whothor materials conform 
to the terms of specifications. 

There is a further section of tho subject 
which has been given a great impetus in 
the last few years, viz. investigatory testing, 
undertaken to determine causes of failure of 
material in actual practice and to improve 
processes of manufacture and design of 
machines and structures. 

Tho soionco of engineering is advanced by 
a systematic study of failures probably quite 
as much as by any other brunch of research. 
In investigatory testing, methods are employed 
to exaggerate certain properties in order to 
compare them in various materials with ease 
and certainty. These same, propertied can 
probably be studied by a careful analysis of 
the absolute results obtained by scientific 
testing, but the process is ditlicult and cannot 
ho attended with success without considerable 
practical experience. 

I. Testing Machines 

§ (2) General Methods. .There are certain 

methods of test which are applicable to all 
branches of test work. The complexity of 
tho machines employed for those tests depends 
upon tho number of purposes for which it is 
intended to use thorn. This complexity is 
contingent upon 

(1) The variety of materials it is required 

to tost. 

(2) The kinds of straining notion needed, 

(3) The form and size of tho specimens to he 

tested. 

(4) Tho magnitude of the forces to bo 

exerted and measured. 

(fi) Tho accuracy required in tho results. • 

By limiting tho requirements, the testing 
apparatus can bo made of great simplicity. 
For instance, in a trails verso testing machine 
such ns ih used for checking tho quality of 
cast iron in a foundry, the lest pieces can all 
iio of one size, tho straining action is always 
tho same (tho test picco being broken ns a 
beam), and there is not a great deal of variation 
of tho breaking load. A machine such as 
this is simple and effective. 
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I'lvory increase in the requircincnts adds 
additional apparatus to the machine. An 
mieosKorj' for one purpose will often interfont 
"'it'll the running of the machine fur another 
piii fHwi'j thus causing loss of time in making 
Olio nccosanry adjustments for the experiments 
in (mini, involving great earn in the sotting 
of the mud lino and making it more difficult 
to handle. It is therefore in fclio interest of 
Cut liner to consider carefully the functions 
which the machine will he called upon to 
perform, and to limit, them to a minimum. 
In this way increased olliuiniiuy is obtained 
with minimum cost. 

The simplest method of testing in by direct 
loading, and the earlier researches on strength 
of materials were carried out by this method. 
(Jnlileo (1038) and .Muschon brock (171i!>) made 
many tests on a small scale by this means, and 
whom it can still be applied it is the simplest 
and best method of testing available. Owing 
to the difficulty of handling heavy loads it is 
only suitable for use with weak materials. 

WJien at the beginning of tho nineteenth 
century the demand tinino for tests on a 
larger scale, it was necessary to consider other 
moans of applying the foreo than by direct 
loading, and within a few yours tlio three 
arrangements found in modern testing 
machines were employed, viz,: 

(«) Lead applied by hydraulic pious—no 
weighing device, lint load calculated 
from the pressure on tho ram. 

(/>) Load applied by gearing at ono end- 
weighing lever at tho other end. 

(c) Load applied by hydraulic press at 
ono end—weighing lever at tho other 
end. 

In 1813 mol hod (n) was employed by 
Bntnlon & (Jo. for a chain •cable testing 
machine. Tim arrangement for arriving at 
tho load was not capable of giving very 
. groat aonuracy. It was necessary to make 
an allowance tn the load, which was deduced 
from the indication of a pressuro gauge, for 
the fnotion of the packing of tho mm or the 
cup leather, and tho amount of this friction 
was extremely variable, 

Tho Whitworth hydraulic testing machine 1 
and tho 000-ton testing machine of tho Union 
Bridge Company nb Atlions, Pa., U.S.A., holli 
line the Kiuno principle. Tho fiOOO-ton Olson 2 
compression mnohino of tho Geological Survey 
and tho Bureau of Standards, and tho (100-ton 
Olsen compression tester of tho Bonssolncv 3 
restitute at Troy both record tho load by 
the pressure in the liydmulio press, bat with 
these machines the pressure is transmitted to 
a diaphragm whose urea is smaller than that 

1 Sms Pi Hit, /‘roe. I mi. A Irek , liny., 1898. 

s /{lillittesriiitr Itmml, fob. HUM, jlx. 

1 1‘rao, Am. Sue. Text. Mat., J !l()l>, ix. 


of tlie main ram. The pressure < >n tlio- 

phragm is measured by a system ( .f IfVi’ie, 
Method (o) lias been applied to nunii'.ri 1 11 ’ ll? ' 

mnchincs by eliminating the pucb i**-*-* ,,n ** 

having nil accurately fitted rain niul e.yl‘ M< ^ 1 ' 
with small clearance. ,I5y using oj] t |n' j-?I i j<l*I 
leakage between the ram and. cylinder i «’« I»’<ca 
the frietion to a practically ncgligibh, tpc' ■' f ®Lv- 
Tho evolution of the, other two t<-riling 

machine arrangements, (A) and (c), from 11' 4 ' 
direct loading method was due tn the jut * - ''* I * 
tion of the lever. By placing a Inver in 
between the lest piece and tlio tin* 

amount of dead woight required wiih r* -< I u< <‘d 
by the ratio of the lever nmis. Thin a i 1 ‘ rt 1 M B''' 
meat, although quite suitable for mnn.Il j»ii 
possessing little ductility, was fotuirl 1" f,< ' 

open to tlio objection that, an tin* niu(' ,, ii | l 
stretches, tho position of the lever ) dtn'' r4 and 
cannot lie adjusted. 

In IH17 Captain Brown couHtnictin I it 
testing nmchine in which the ilcfunnn (i<>n <T 
the cable was nculmliacid, and the Umd 
applied, by means of gearing at one ,.»»»!, \x 
the load was measured by a lever at 1 ho « >1 I*or. 

Tlio use of gearing was tlio lootin'* •• ,,r 

straining used in America on nuudiineM <>f 
tlio lever type. The sumo iiiTinigi'niciil, 
although common on small innehinoH f*i I hie 
country worked by hand, had not, limi nvi r, 
been used on power-driven iiuudiim-.-i until 
recently. 

Anothor method of counteracting (.In'* •In¬ 
formation of the test piano was u|n>li<*«l I *y 
Ligorjholm, of tho School of Mines at f->t< h'L- 
holm, who conducted experiments in 1 Mi.'b 
on a 7*toil mneliino in which a hydraulic Kim 
neutralised tlio give of tho test pimio uml 
applied the load, which was inoimtiin*<I by 
weights acting on a knee lover. Alimit I lie 
sumo time, that princi|>le was also om j >l«. t 
by Bramah' 1 in tlio construction of a. nmol iino 
ltsixl at Woolwich Dockyard by the lido I’m, 
fossor Barlow for some of liis expcrimoi tn >m 
the strongtli of materials. 'I'his lucl hoil i >f 
coustnictioii is, bowevor, always iiHaoidulcd 
with tho name of David Eirknldy, who in 1 HUB 
orected, in London, his well-known i n 11 <-I i % ito 
of -lOO tons capacity. The combmut ic »i i of 
hydraulic ram and levers 1ms since l>c»-n in 
common use in machines of ninny ilonipiin, 
tho chief dilYorenecs in these designs lieing in 
tlio arrangement of tho lover or lovnrn m,<| 
their position relatively to tlint of tin> f ,. H ( 
]>ieco, 

Thonm9set, B in about the year I MY:?, 
measured tho loud on tho levor by i» 11 -i i ■ ip 
of a diapliragm piston with an oxtrerru-ly 
limited motion, and balanced tho loud , 
tho piston by a morcury gauge. Maiilard Uln | 

Bnrlmv, Strcnalh of Materials, London, 185 1 . p, 

' Lrbnstour, Lea MStau.r, p. fi2. 
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Emery u few yearn later dispensed with the 
•over ii mi transmuted the whole load to tho 
diaphragm. Emery 1 constructed a machine 
uf -IdO tons capacity in which the pressure 
on the diaphragm piston was measured by 
transmitting it. to a smaller one in which the 
mercury gauge of Thmnnssel was replaced by 
n system of levers and weights. 

Tho first essential requirement of a testing 
machine is accuracy—the load shown by the 
machine should lie an accurate indication of 
the real load to which tho test piece is sub¬ 
jected. In order to obtain complete accuracy 
it is necessary that: 

(1) Sim [ile means should bo available for 
establishing tho truth of the indications of 
hi 10 machine—it should lie capable of being 
easily calibrated. This calibration may 
alter with use ; if of tho lever type tho 
knife edges may wear or bo displaced, 
and, on a three-inch fulcrum distance, 1 per 
cent error in tho readings would bo caused 
by a displacement of only O'OH inches. 

(2) Tho sensitiveness in work¬ 
ing should bo adeejmite, ».c. small -| 
d'jfronmcoH in the load should bo 
readily indicated. 

Another desirable feature is simplicity— 
not simplicity resulting from a mere re¬ 
duction of tho attachments for tho various 
tests, hut that obtained by ensuring that 
the varied requirements nro carried out 
without undue complications. This not 
only reduces the parts liable to 
alteration with line, but renders 
tho maehiuo capable of rapid and 
easy manipulation during test, a 
feature which is especially important in a 
machine to bo used for commercial testing. 
Other requirements necessary in a muohino 
or commercial testing uro : 

(a) The tests should he accessible from tho 
front of the machine, and the scale and con¬ 
trol lovers within easy, reach of tho operator. 

{/>) The test piccoshould bo easily inserted 
in tho machine, i.e. the method of gripping 
should bo simple and convenient. For 
laboratory work it is advisable that tho 
Jimoliino should be conveniently arranged to 
take an autographic apparatus for registering 
tho results, and should be generally adaptable 
to all sorts of conditions which may from time to 
time be necessary for varied experimental work. 

Tho liability of tho testing manhino to 
subject tho specimen to momentary shocks 
should also bo considered. Tho inortia in the 
lover and weights (in that type of machine) 
may increase the stress in tho test piece beyond 
that indicated by tho scale reading of the 
jockey weight. Tho construction of each 
maohino should therefore ho understood by 

1 Hoc Tuwno, 1ml. Mcch. ling. Proc., 1888, pp. 200 
anil 418. 


the operator, and in skilful hands errors due 
to ibis cause can be reduced to a very small 
amount. 

§ (3) JlOimONTAl. AN] I VllliTlOAi. M AfJtl IN ICS. 
—Testing machines may bo arranged in either 
of two ways: 

(i.) In which the load is applied horizontally 
—horizontal testing machines. 

(ii.) In which the load is applied vertically 
—vertical testing machines. 

For testing long specimens it is usual to 
employ a machine of the horizontal typo in 
which it is necessary to support the test piece 
and tho grips which hold it, otherwise forces 



Variable . -. 

Load 


A, Fixed Leverage and Variable Load 


-|iir— f 


i 


Centre of Gravity of 
Jochay Weight 



D. Fixed Load and Variable Leverage 


Movable Jochey Weight 



C, Movable Jockey Weight combined with a 
Load at a Fixed Leverage 
ldo. 1. 

are applied to the tost piece which are not 
moaaured by tlio Imul-incasuiing uppiirntiiH. 
Tho vertical testing machine, however, is more 
convenient to handle and, except in tho cir¬ 
cumstances mentioned above, is the arrange¬ 
ment generally adopted. 

§ (4) JIomutN Trstino Maciiin —-Modern 
testing machines usually consist of four main 
parts: 

(i.) An arrangement foi 
(ii.) An adjustment to 
of the deformation n f 
provido that there ii 
point of attachment ■ 
weighing apparatus. 

(iii.) A method of incibum 
(iv.) Holdors for connoetii 
(i.) and (iii.). 
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Tlio various typist of testing machine differ 
in Mid way in which these requirements are 
carried out, Tlio first and second ) hi its arc 
usually Dinnliinod, and tins load on tlio Lest 
piece in applied to one end cither hy (!) a 
Ktruinitig cylinder actuated l»y ft pump and 
accumulator, screw eonipressor, or oil pump 
(liydraiilie rotary or direct driven); or (2) screw 
gearing driven hy linnd or by power {such as 
an electrio motor). Screw power testing 



machines ivro divided into two general types— 
tlm rotary mirow and the rotating nut. 

Tim load or force exortod on tlio test piece 
Is moiiHurod (a), moro commonly in (trout 
Britain) liy a lover nr system of levers with 
woiglds or a movable counterpoise forming a 
weighing apparatus; 

(h) by 1 1 !dmtcmg it with flukl pressure noting 
on a rliapliriigiu; 

(c) by measuring the pressure of tlio oil nr 
water in the straining cylinder; 

(d) hy on Imitating I he load from the angle 
through which a weighted pendulum is lifted. 

TeHling imiehines using methods (6) and 


1 in. 


(<;) have tlio advantage that t,lioV 1111 
cheaper to make than the weigh in juf h"' 1 
machine, aro practically free from i*i <l! 
forces, and the load is automatically t n Ij tM 
to the stress. They, however, roqnEi-o v«' ,( .V 
careful attention and calibration, nncj ai' 1 ’ 
aulorcd by tlio Board of Trado to |iid^'o 
sirahle for uso when making ncceptnncso (' ,; ‘ 4 * 

§ (5) Tviuos Olf Testing MaCUINiss. J■***■*'*' v 

TcMing Machines. —By far the largest 1 1 * > * 11 * 
of maohinca mcnsiiru the load hy |.l»o 1 J, ; n 

of a lover. The loading of tlio • 14 

effected either by (a) adding separates weiglds 
to a scalo pail placed at a fixed loym-ji * ( *»'"• 
fixed leverage and variable, load) ; (h) |ui,vli>K ,il 
single joelcoy which travels along tin* 

(i.e. lixed load and variable leverage) ; ( f 0 n 

combination of (a) and ( h). 

These arrangements are indicated i njg*'*** 11 * 
maticnlly in Fig. 1. With either of the motlM >< hi 
the following point# must lie home in mind : 

(L) Tlio lover during tlio test will nhnugc 
its position, and in order to secure coiislanl 
loverngo the points of application of ptio hoidii 
must lie in a straight line, i.e. tlio cmitro < ’f 
gravity of tlio moving weight and any Jt«»*IV 
cilges employed must all lie in a stmiprld' line 
or, if llic moving weight is hung from it knife 
edge, the lenifo edge must travel aloiijg f 1ml. 
lino. 

(2) Any addition of weights (hiring n *«*>»•. 
must ho carried out without producing hIu mini 
on the specimen. In those mnohiucB in. witiHi 
weights are added to the sonlo pan it in liniml 
to carry tliis out hy a nienluinioal ftrmngnriH'iil 
such ns is shown in Fig. 2, 

In somo machines the load is menmirud hy 
the heiglit to which a pendulum hob im niimul. 
This can ho considered as a lnodifioii t i< »i i t»f 
(ho lever method. Fig. A shows how it. ivmi 
employed in tlio tests described in this ,1 l.rit i»ili 
Engineering .Standards Association Koporl 
No. fib. 

It is dosirulilo that, on the Haino nmoliiui>, 
the percentage accuracy of reading 1.1 10 hmd 
should he the same with small us with In rge 
specimens, and it Is therefore usual to nri'aiif'o 
modern testing maohinca so that Llm iuiuik 
length of sonlo is equivalent to tit leash t\v< i 
values of the load. This is carried out. oil lior 
by varying the lovorago or varying tlics \vuijj;liL 
of tlio moving poiso. 

The lovorago is varied hy providing iiller- 
nativo fulcra, Tliis method is introdinjtsii jufu 
the Wiokatoccl vertical machino (see F'if/.. J 11 a ). 
and consists in providing a third knife 
which can bo put in or out of gear. When it 
is in plaoo, tlio knife-edge distanco is lur^n tnul 
tlio machino is arranged forusowith weak Hpcrj. 
moils, otherwise tlio full capacity of tlio n i m; I r i i w 
is available. Thus the sumo coiintorpoiMo m U y 
represent say fit) or JOO tons for 61 io minm 
travel of the counterpoise along tlio lovpr, 
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noentding to which fidmmi in used, TJio 
method of operating tho third knife edge i« 
Hlimvn iti Fig. 4. The tlireo knife edges arc 
in the same line, but the movable support Y 
for fclio third knife edge Z is raised so tliat 


-Spindle supported 
on Ball Bearings 


^ Flexible Stool Strip 


Cast Iron 
Quadrant 




when it is placed in position by fcho worm 
gear there is n slight clearance over the support 
X, ns shown in Fig. 4 (B). 

The weight of the moving poiao is varied in 
machines supplied by Messrs. W. & T. Avery, 
Ltd. Thecoimtorpoiso is split, and forsmnll 
loads a part of it is detached and used ns a 
separate poise. 

Ju order to obtain a high moclinninal advan¬ 
tage, without making tho short arm of the 
lever very small, some machines uso a muitiplo 
system of levers, each with comparatively small 
mechanical advantage. It is therefore con¬ 
venient to divide lover machines into two 
sections, (1) those using a single lover, (2) 
those in winch tho lovers are compounded, 
and to subdivide thoso sections according as 
to whether the test pieces arc vertical or 
horizontal and wliethor tho load is applied by 
a straining cylinder or screw gearing. 

§ ((>) SlNor.K- lkvrei Maohinks. (i.) Verti¬ 
cal .—• Fig. 5 shows diagrammationlly tho 
simplest armugomcnt nf a single-lover machine, 
this being tho principle adopted by Mr. Wick- 
steed. 1 It is n vortical machine with a single 
horizontal lover A on top, to which one ond of 
the test pieco B is connected, A movablo poise 
C weighs tho load, which is applied to the other 
end of the test piece by tho ram of a hydraulic 
1 Inst. Meek. ling. Pm., 1882, p. 384. 


press (ns shown) or by screw gearing. Tho 
following arc modern examples of machines 
which use this principle. 

(ii.) ‘'Avery" 10-Ion Electrically Jhin.ii 
Single-lever Testing Machine .—This nuudiine in 
shown in Fig. 0. A is tho weighing lover mul 
B the poise weight of 840 lbs., which is moved 
by a control screw C. The screw is driven 
by hand at I) through gearing K and !■' 
and a honked joint < I 
which is planed on n 
_ p Put! bit Straining line with t he fulcrum. 

Cijliiuter The straining of (he 
test piece is produced 
through worm mul 
/i spur gearing by moiiim 

irjfl? «f “ Olcoirio 

to prevent weight N, whoso eontrol in 

\ falling bach upon located at I oil (bo 

\ fracture of test pieco standard nonr t o tlm 

1 hand wheel propelling 

; tho poise weight. 

Tho indicator J, which shown tlm 
equilibrium of the steelyard, is also 
close at hand, so that the operator him 
till tho controls within easy reach. Tim 
free ond of tho lever plays in a spurn 
in tho supporting pillar K. Springe am 
provided to take the shook when tho test pirro 
breaks. 

The grips for tho test piece nro shown at 
Land M ; theso arc provided with attach men Is 
for test pieces with either screwed or eiilnrgnl 
ends. The upper grip is attached to the lover, 
while tho lower one, whioli slides in guides in 


y Wire rope attach oil 
V to automatic gear 
to prevent weight 
\ falling bach upon 



Clearance between Itnl/e cdue 
and cHp/JOtt 




tho standard O, is connected to tho straining 
screw P. Tho second knife edge Q rents on 
the standard 0. 

(iii.) “ Deni sons ” iiO-lon Testing Machim.- - 
j In this machine, shown in Figs. 7 and 8, the lend 
is applied by a straining cylinder, tho preHsnm 
1 to which is supplied by a patent hydraulic 
1 rotary oil-pump. This pump has a variable 
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delivery in either direction whilst being con¬ 
tinuously driven in one direction. The <lrivo 
cun either bo by direct coupling to an electric. 



I’lU. 0. 


motor, as shown 
in Fig. 7, or by 
iv bolt from n 
countershaft. A 
similar pump is 
vised for driving 
tho standard 
jockey' woight 
in either diroo- 
tion ; the speed 
at which it 
travels can bo 
varied by means 
of a lever placed 
in a convenient I 
position. 

Tho machine 
is supplied with 


tell-tale devices, for Indicating to the operator 
the functions of tho various parts, as well ns 
all tho features which tiro indispensable for 
accurate worlt. 

(iv.) JhtcJrfan'n 100-ton Machine ..—A photo¬ 
graph of the machine of this type which is 
installed at the N.IM* is shown in Fig. 1). Tho 
load is applied by a hydraulic mm niul cylinder 
which am placed in a pit below tho floor level. 
A pressure of l ton per sep in. is supplied to tho 


photograph is fitted with alternative 

(see § (o)) giving a short knife-edge <| is-? t * 1 '" ,n 

of either 15 or fi inches, so that tlm 

weight of 1 ton j n tra .vid* in A 
tin: full length of th*» 
can be arranged |,r> *5* vo 

either a load of jpp or 
tons. 

Another feature of the machine in *l ,(1 
nriauigement which 1ms boon added 


j 'jfwon - ! 
I fff'tofi. pif? 



Via. 7, 

N.l'.L. loproveiitlho joekey weight aeoicloii 1 1 »I l.v 
running past the end of the sonic jn oitlior 
dircotion. When a considerable numlier of 




cylinder by a hydraulic pump and accumulator 
driven by an oleetrio motor. The counter¬ 
poise is driven by hand or mechanically by 
fast and loose pulleys operated from a miilabio 
f ting. Tho machine seen in the 


tests have to bo carried out, it is usual for tho 
operator to monsmo the extension, eon Int o fc ion 
of area, etc., and enter up his results, wlii]<>. the 
counterpoise is running back for the next tfrnl. 
It detracts from his attention if lie has to J.ie 
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continually on tlio alert to stop the counter* 
]foiHo at the right time. Tho gear is shown 
in detail in Fig. JO, untl operates <m the I jolt— 
throw-over gear. Tho shaft A operates tho 
gearing for driving tho weight along, placed 
tit the end of the beam, and is worker! from the 
small countershaft (not shown) through hovel 
wheels K. The striking gear of the counter¬ 
shaft is operated by a shaft 0, which has a 
handle (not shown) on its lower end. A spur 
gear on shaft A operates a screw I) through 
gearing. This screw is so arranged that it 
does not rotate but traverses horizontally as 
tho weight is run along tho beam. The screw 
carries a projection E working in a bracket 
I 1 ’ attached to tho striking gear shaft 0. 
Adjustable lugs Cf and H arc fitted on to 
this projection and are arranged so that when 
tho counterpoise roaches the extreme end of 
its travel, in either direction, ono or other of 
tho lugs G and H will rotate tho striking 
gear shaft and throw tho driving belt on to 
the looso pulloy of t ho countershaft. Tho 
lugs onn he adjusted so that, for any series of 
tests, the counterpoise will he stopped at any 
predetermined position along the beam. A 
photograph of the gear is given in Fig. 10a. 


Munich exhibition in 1854, since wlion a con¬ 
siderable number of similar machines have 
been const muted. The arrangement of the 
machine is illustrated diagram mnticully in 
Fit/. 11, from which it will he seen that, 


FlO. 8. 


(1) only one lever is mpiircri for iv fiOO In I 
leverage, and (2) by an ingenious arrnngenienl, 
tho mm, lever, and weights are all at one cud 
of tho machine. It is thus a simple mallei 


Fig. 0. 


(v.) ( Horizontal ). The Werdcr Testing 
Machine. — Tho Worrier machine, oxton- 
sivoly adopted in Germany, is a horizontal 
single-lover testing machino, in which tho 
load is applied by hydraulic pressure, but 
is measured by dead weights on a single 
lover. Tho typo was originally designed by 
Ludwig Werdcr in 1852 and exhibited at the 


to adapt tho machine to fake test piceen nl 
any length. 

Tho test piece T is hold atone end ill the 
framework of the machino A, and at the other 
pulled. l>y flic short arm L, of tho lover, In 
which it is connected by a crosshead mid long 
bolts, shown ill the diagram by a conned ing 
rod EF. At tho end of the long arm of Ihn 
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lover hangs a scale pan W. Tlio central 
fulcrum of the lover G rests on the end of 
the ram 0, so that, as the test, piece extends, 


The test piece is pulled from the main 
orosshead ¥ by four rods (two shown in 
plan as T 4 and T,}, these rods are connected 




vertically in pairs by orosshnads LJ l and U a , 
and pull through knife edges 0, and (! a 
on to a largo U-shaped block Q, to which 
the lever Q, is rigidly attached. Block Q 
has two openings in it, through which the 
erosshends U 4 and U 2 pass. 'J’lin horizontal 
lino through 0 t and C„ passes through the 
axis of the test piece. 

The whole system of rods and crosshoads 
hangs from tho ram omsshead at N t and N a 
on the traverse bar 00. Tho block ($ 
bangs from this bar by tho knife-edge links 
1’,, I', (tho knife edges being in the same line as 
(.V 0 8 ), its bnlanco being adjusted by the 
sliding weight S. 

In tho middle of the block Q tho knife 
edgo b is fitted; this bears against a steel 
face a forming part of tho ram orosshoad. 
This knifo edge is 3 mm. lower limn the line 
of tho other's. Thus the rain coining out 
applies a load to the test piece through the 
block Q, knifo edges CJ A and C' a , crossheads 
Uj and U 2 , and tho rods 'J\ and 'I'.,. As the 
knife edge is 3 mm. out of lino with (!, and (!„ 
a hell-crank lover is formed, the small arm 
of which is 3 mm. and tho long arm IfiOO mm., 
i.c. tho distanco tho scale pan is away from 
tho knifo edge. 

It is clear that tho length of the short arm 
of tho lovor (3 mm.) cannot 1m directly cheeked 
with sufficient noouraoy, a controlling arrange¬ 
ment is thoroforo provided consisting of a knee 
lever f , having a fulcrum on tho frmno K 
and a ratio of 10 to 1. The knife edges on 


fclru ram moves out, carrying tho whole measur¬ 
ing apparatus with it. The arm L is kept 
horizontal by tho help of a level which is 


Fiu. ie.\. 

fixed to it. Fig, 12 shows a seotional clovation 
illustrating tho principal knifo edges, and 
Fig, 13 gives a plan of the machine. 
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Uii.H Itivcsi* can l»o accurately measured l»y 
ordinary mentis, and, to test tho acournoy 
of tins 500 to I ratio, a direct calibration can 
bo made. 

Tho ram C is 11-8 inches in diameter, the 
hnife edge h is 14,J inciies long, and tho 
two knife edges Cj and C a aro togothor 15 
inehes long, so that tho pressuro upon them 
is about 7 tons per linear inch at full load 
(100 tons). 

Tho pressure is obtained from two pumps 
worked by hand or power and placed at tho, 
side of tho machine—n small one of 0-4 
inch diameter, used for the full load, and a 
larger one, 1*2 inches diameter, for use up 
to a load of 20 tons. 

Tho arrangement shown is for tension 
tests; for compression tests tho pull is trans¬ 
mitted through links from V to a hack plate, 
or for short specimens tho space between V 
and tho hack of tho oylindor is utilised. 

§ (7) Compound - lever Machines, (i.) 
Vertical Machines with Screw Power .—This is 


columns G ( and (! s attached to tho weighing 
table. 

(ii.) Olsen's 200,000-lb. Testing Machine.- ■ 
Fig. ]fi shows the 200,000-11). Olsen four- 
screw compound-lever testing machine of Mm 
rotating not type. 

Straining Mechanism. —D,T) arc the straining 
screws which are attached to tho pulling head 
0, to which one end of the specimen in 
attached.' They pass through holes at Mm 
corner of the platform E and through 
openings in the lovers F and hcd-plalo (■', 
anil enter the driving nuts II and Ilj, situated 
below tho latter. 

The driving nuts 11 and 11,, which aro 
made extremely long to on sure a long lift*, 
aro driven by means of gearing «IKMN 
oporated by pulleys and belting. As each 
screw is fitted with feathers, in longitudinal 
slots cut through tho threads, to prevent them 
from turning, rotation of tho nuts causes Mm 
screws to either rise or fall, carrying Mm 
pulling head C with tliom. Tho thrust of 



Fro. 11. 


tho arrangement of machine which is largely 
UHod in America and is shown diagramnmticnlly 
in Fig. 14. The straining mechanism is of 
two types — tho rotating sorow and tho 
rotating nut. 

With tho rotating screw maohines, tho 
pulling smews pass through, -nuts which aro 
fastened to tho pulling head A. Tho screws 
aro koyccl to ancl rotate with the main gears 
through hearings in the cover plato, thus 
moving tho head up or down. 

In tiio rotating nut typo of machine, bronze 
nuts are fastened in the main goal's and rotato 
with them, pulling the screws, to which tho 
head is attached, up and down. Tho gears 
rest on long pedestals bolted to tho base 
plato of the machine, and in theso pedestals 
keys arc fixed which prevent the sorows from 
turning. 

Tho thrust, in each case, is taken on tho 
undomonth side of the cover pinto by bull or 
roller hearings. Tho rotating nut machine 
usually requires a pit or opening in tho 
foundation for the sorows which project below 
tho baso line of tho -machine. 

Tho weighing apparatus consists of a weigh¬ 
ing table 0, levers Uj and 1) 2 , and a graduated 
beam 13. For tensile strain there is also a 
weighing or top head F and two weighing 


the nuts against the bed - plate (.> is lalum 
by ball thrust washers. 

(iii.) Weighing Apparatus.—Tho weighing 
mechanism is essentially the same uh Mint or a 
platform weighing machine. Tho load on Mm 
test piece, applied by tho straining mooli an ism. 
is communicated to tho platform E oil Imr 
directly in a compression test, or through Mm 
medium of tho upper steel plato B (to which 
one end of tho Lest piece is wedged) um I 
columns A in the tensile test. 

Tho platform rests wholly on three main 
lovers F go constructed as to net iih a singh’ 
lever, and any presimro on it is Ira ns mi lied 
directly to them. Tho hnifo edges of only mm 
of theso levers are shown in the figure. 

A second multiplying lever F a in placed 
above and parallel to tho lever F, and is con¬ 
nected to it by a stirrup J 2 . Tho runctimi 
of tho lover F» is taken at K on it strong 
iron framoworlc which is secured to the gear 
box of the machine by a diagonal limn-. 
This framework also holds liio support Lj for 
tho fulcrum of the graduated steelyard l'\, I•» 
which the load is transmitted from lover F # 
by tho link n. 

' A cylindrical weight W, which ntnn on a 
screw,' adjusts tho zero of tho beam, while a 
poise q, which travels on wheels, balances I lie 
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loud applied, The steelyard is graduated up to 
11 ) 0 , 1 ) 01 ) lbs., and. nn ndditiimai weight mi llio 
end of llio lever adds a. furtlmr 100,000 IIih. 

(iv.) Utiiizoiiliil CtniipoHvti' hr.vnr Machines .— 
Kcir testing long pieces, a hoir/onlnl testing 
maehino is essentia). In order to 
obviate the diflimiK ins in hod need 
i>y Hid nmall knife-edge distance 
of Mid Warder machine, multiple 
lever umuigentenls mo used. A 
lioli - cmnk lover is adopted to 
convert Hid Iioir/.oidal force into 
a vertical ono, and I hits is combined 
with Min weighing lover, either with 
or willinni. the introduction of 
intorinoitiato lovers. 

The arrangement of two ma- 
ohincuof t his typo is given in l'ip. 10. 

(v.) La rye. Horizontal Machines, 

In order to carry out tests 
on lmill,-up structural members of 
n prnofioul size, maoliinos of largo 
capacity did roi|uirod, and fur this 
purpose no imiehino of less than 
:i()0 tons is of much use. Excluding chain 
testing ninchiiiDH, the host exam pies of largo 
horizontal niachiiios built in this country arc : 
Kirlcaldy's iiinc.liiuo of <100 tons built in 180(1. 


(vi.) The liiniiing/nnn Unirmii/i i'00,t>tHhU,. 
Testing Machine ..—This is a universal aiacliine 
with n capacity of 700,001) lbs. and lakes 
tension hors 28 ft. long and columns :tu ft, 
long. The spun for bending tests is 20 fl 



and (lio wedge grips (alee a maximum size of 
<5 x 21* lint or diameter. 

A dingruimimlio vimv of llio mnrhinn is 
given in Fig. 17 and moro detailed drawings of 



Tho 300 ten maehino of the Conservatoire 
des Arts et Metiers at Paris built by Messrs. 
J. lluektnii and Co. in 1004.* 

Tho Avery Maehino a of 700,001) lbs. in¬ 
stalled at Birmingham University in 1009. 

1 1’ltidtneeriHff, Sept., 2, 10IH. 

’ fint/ivcer, May 21, 11)00. 


tlio straining and weighing media ilium in 
Fig. 18, 

'The maehino lias a ram K at one cud mid 
the lever system I) at tho other. Tho heavy 
cast-iron bed XX has substantial alnwlnrdri 
HH at either end whose tops aro eonneded 
by horizontal columns YY with tho distance, 
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of aimufc 40 foot, Inst, ween them without 
intermediate support. There is therefore a. 
eliuir span along the top and sides, enabling 
heavy test pieces to he lowered in position 
by the traveller running overhead. To one 



by means of four notched molts N ,sT i<d • 11 l' 1,1 
the frame of the machine, which are fixed f < ' * ' 

head of tho mm'iiml into which tho or< >hh 1 > ***’' * 
No. 2 is keyed in any desired position. 

Ono end of tho test piece is fixed In t li' ! 
crosshoad No, 2 and the c»t 
end to tho crossheacl No. • * f' 1 "' 
compression and tho 

No. 1 for tension. Crosshoad h .'N’o. f 
anil No. 3 aro suspended from k • 1 do 
edges on the top of tho frame V a«r k l 
are connected by tension rodln I'* * ’ 
which, when crosshead No. fi 


_. ... which, when crosshead No. fi in in tim 1 , 

Diagram of Greenwood and Batley's Horizontal transmits tho load to tho lc V(SJ - H y-d <’mi 


Testing Machine 



in 

1 


Diagram of Biickton's Horizontal Testing Machine 
Ida. 10. 

standard tho cylinder L is hotted, while 
tho lover system is fixed to the other. 

Tho load is applied by hydraulic pressure. 

At Birmingham tho town pressure of 100 lbs. 
per square jucih is available for low load tests 
and gives a total thrust of 35 tons. For tho 
full capacity of tho machine an accumulator 
supply of ton times tho pressure is used. The 
diamotor of the rani is 32 inches and its stmko 
(Hi inches. Tho main cylinder L, bolted to 
tho standard, forms part of the machine frame, 


through cross head No. I and tin 
link JIB. The main link BB pull** 
tho top knife of a boll-crank lovi'i 1 
through a hardoacd steel 
block (J. Thus, for compression* the 
load is communicated to tho wnl^li i nit 
nppiuatus from the ram by way <»f < 1 ) 
sliding racks N, N, (2) travelling *' ** IH - 

head No. 2, (3) the test piece, ) <■)'«' 
floating orosshaud No. 3, and i-ikIm I * r ■ ’» 
(fi) orosshoacl No. 1, and ({}) iimiu 
link B. 

Tho weighing apparatus eon *>f u 
liolf-orank lover A whoso principal knifo culpfin 
K„ 5 foot long, thrusts against a plain 
in tho bed of tho machine. Tlielnadju upplii'd 
l»y tho main link J1 on to a knife eiIp?o K a 
similar to tho principal knife edge hut Mlioi f 
distaneo above it and forming with ih thu 
short arm of tho lever. Tho intormof I kitn 
lever C and tho main steelyard D ivi-c> ith 
right angles to tho axis of the mnohint*. r l'ln* 
former 1ms its fulcrum on a mihntntil ini 
casting E (ixed to tho bed of tho muoltiiM’, 


Noto:~TI\a Intermediate Lover (Cl and tho Main 



K 

(Main ffettn) 


A ux! Uttr y 
(tn m 

M 


and the main ram K, having an internal 
diameter of 20 inches, moves ovor an auxiliary 
fixed ram M whose fmiotion is to provide for 
tho return of tho main rum after tho test is 
completed. Tho main ram is driven forward 
by admitting low-pressure water behind the 
fixed ram. Tho load on tho ram is com - 
in i mica tod to tho travelling crosshoad No. 2 


and the load from tho boll-crank lover in It'iniu. 
mitted to it hy tho link and shaoltlcH < i „ 1«'. 

while tho latter has its fulcrum support, *,J 
l> 3 ' a column IT on the side of tho much ino. 

Tho split counterpoise system (sco § (r»)) 

lias boon adopted in order to obtain n«x t>pi*n 
scale for small loads. In this ense it is divided 
into seven equal poises giving, sepirniTol^y, n 
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maximum load of 100,000 lbs., and when 
combined tho full load of 700,000 lbs. 

The counterpoise can be moved by hand or 
operated ineelumically through a screw, and 
all . the movements are controlled by one 
operator at tho lever end of the machine. 

§ (8) DiAi'intAGM Mach inks. —Diagrammatic 
sketches of .diaphragm machines are given 
in Figs. 19a to <;. Fig. 10a represents tho 
Thomnssct machine, 1 constructed about tho 
year-18.72, in which tho load is communicated 
through the test piece, i to a lover /, tho cud 
of which heard-on l.n a , diaphragm d. Tho 
pressure of the lover cin '.tho, diaphragm is 
balanced by fluid pressure/ the amount of 
which is measured by a gauge. ' ■ 

Tho Mnillard machine (Fig. l!)n) is similar 
to that designed by Thomnssct cxcopb that 
tho intermediate lever is dispensed with, tho 
pressure being taken directly on the diaphragm, 
which is consequently much larger. The 
Mnillard principle is adopted by Messrs 
W. IT. Bailoy & Co. in their 5000-lb. Stnr- 
Hydraulic tester, and is a very convenient 
arrangement for small testing purposes. Tho 
1 Lcbastcur, Lcs MJlattx. p. 02 . 


i 


>KI 


& 


ilitogj 































128 


ELASTIC CONSTANTS 


loud is applied to the hack of the diaphragm, 
and l.lie pressure in Ihc diaphragm chamber 
18 Measured by a pressure gauge or mercury 

,, ,, column. 

Pressure flauqe ... . 

or Liquid Coin mu "./■ Jw* represents the 





Test Picco — 

Flu I'.'a.-- i'luitniissrl.'HTesting 
Machine. 

Emory machine, Hu* first ex¬ 
ample of which was completed 
in 18751 ; il. is really a com¬ 
pound lover machine with a 
hydraulic lover introduced 
holwcoii tho teat piece and 
the weighing apparatus. The 
pull of llio teat piece t is com¬ 
municated to n diaphragm I). 'It fa trans- 
miUcd from this to a, reducer R, tho pressure 
on which.in balanced hy tho lover system. 

(i.) limcrj/ Machines.— Tho first Emery 



~ Straining Goar 

11 



the Board was the acquisition of an 800,0* l(, -l 
testing machine which tlioy ordered finm 
A. H. Emery of New York. Thin wuu 
completed in 1879, and is one of bln* 
largest and most accurate testing iiiaeliineu 
in tho world. Umvin, after inufnull¬ 
ing an .Emery machine, said r “ The 
merit of tho Emery nmoliino «'»» 
that, wliilo it had boon mndo ns 

much more delicate ami sensitive limit 
an ordinary maoliinc as a tdimniul. h 
halaneo was in comparinoti with a 

grocer’s scales, this result lnul at 

the same time heen obtained liy 
means which rendered tho inoro hoiiui- 
tivo machine loss liable to injury, 
loss liable to wear, and Ions liable! In 
get out of order, than tho ordinary 
machine.” 

Tho principal peculiarities of the 

.Emory machine are: (a) An lurnliga¬ 
ment of hydraulic chambers inn I d ia¬ 
phragms able to receive large presHiirrn 
and shocks without injury and In 
transmit them to n convenient point for 
measuring and recording. 

(6) Tho roplaeomont of knife edge's with 
thin blades of steel. These were introduced 


Prassiti (! Oauyv or , 

Moreitnj Column 



Scrvw 


fc’ia. ion. 



Flat Plato "hnlfo ochjcs" 
{g D - 



UijtlranllcChambors \ Plato Springs 
and Diaphragms ' 


li'Ki. iOo.—Diagram of tCmcry Machine. 


itinnhinn owes its origin to the United •States 
Board for testing steel, iron, and other 
materials, who entered upon their work in 
187fi. Olio of tho most important actions of 


to “ absolutely 
olimiunto frio- 
tioii and to 
preserve imlo- 
fmitoly tlm fill- 
oruin intervale 
ordistniieoH pre¬ 
cisely an livut 
adjusted, mid 
to resist and 
transmit nil tho 
pressures and 
shocks to which 
tho f u It; rii mu 
aro subjected 
without in the 
slightest degree impairing their sensitiveness 
or durability.” 

Numerous machines have been mu do jn 
tho United States since 1879 on tho Idmnrv 


-Flat Plato 
"hnlfo edges" 


Flat Plato 
hnlfo edgos" 
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principlo. Figs. 20 and 21 show particulars 
of the more important working parts of a 
300,000-lb. vortical Emory testing machine; 
do tailed drawings arc given in Mr. Towno’s 1 
paper. 

(ii.) 300,00041). Emery Machine. (Figs. 20 and 
21). iS 'training Gear. —A tension test piece A 
(Fig. 21) is shown between the shackles U and 
L of the machine. The upper shackle U is 
attached directly to the ram P of tho straining 
press, which is carried by two main adjusting 
guide screws M rising from the bed of the 



Fig. 20. 


machine l'\ The vertical adjustment is 
effected by means of the nuts N, which are 
geared together and are rotated through a 
shaft and bevel gearing by a handlo X. 

The fluid pressure is conveyed to tho ram 
by tho pipes T, and T„ which havo swivel 
joints to allow for adjustment of the straining 
cylinder. 

(iii.) Hydraulic Lever. —Tho lower shackle L 
is secured to a yoke consisting of two blocks 
II and I) connected by four steel bolts W. 
In this yoke the hydraulic support S is 
placed between tho two beams G s and G.j. 
Thus tho load is transmitted directly to tho 
hydraulic support through tho yoke and 

1 .See Townc, Insl. Alech. Eng. Proc., 1888, pp. 200 
and 4-18. 


beams; tho upper block 11 acting on beam 
G, for compression and the lower Mock II 
communicating the tensile load through 
beam G a . 

The yoke is secured in its proper position 
by flat plate springs 1 which bold it steady 
laterally while leaving it free lo move verti¬ 
cally through the small range desired. The 
hydraulic support 8 (Fig. 21) is shown in detail 
in Fig. 21) and consists of a piston I) which 
can move vertically CH)01 inch in a fixed 
ring and base block (N and K). A space 
of 0-1 inch is allowed between tho piston 
D and tho ring N. 

Tho lower surfaco of tho piston mid tho 
upper surface of the base block arc turned with 
annular grooves and aro lined with soft sheet 
brass 0-005 inch thick. The linings form a sac 
by being interlocked as shown in tho diagram. 
Tho piston 1), whilo permitted to move vciti* 
oally, is KceiiL-od against lateral motion by 
nn annular diaphragm V at its upper surface, 
anil the exposed portion of tho working dia¬ 
phragm or upper portion of tho brass sac at 
its lower face, which acts as a flexible bingo or 
joint. Tho sne is tilled with alcohol and 
glycerine nr refined kerosene oil, anil the load 
when applied to it is transmitted to a smaller 
hydraulic chamber or reducer It (Fig. IOcj), 
containing a similar thin Jilin. of liquid, 
whore it is balanced by the lever weighing 
apparatus. 

(iv.) Weighing Apparatus.— Tho maximum 
load of tho machine is thus reduced to a maxi¬ 
mum of 10,01)0 lbs. on tho reducer, and this is all 
tho load that is conveyed to tho fulcrum plate 
of tho main lover M (Fig. 10c) of tho weighing 
apparatus. Thin pieces of tempered steel aro 
used instead of knife edges, and aro forced, 
under a press tiro of about four times the 
working load, into the pieces Hint they con¬ 
nect. Tho relation of tho beams, which havo 
a total multiplication of 20,900 to 1, is 
shown in tho figure. The total reduction of 
load is GOO.OOO to 1, so that very small weights 
are all that me necessary to keep llio ievors 
horizontal. 

(v.) Calibration .—Tho hydraulics support is 
tested with known loads, applied by u “ rating 
inaohino,” up to the maximum capacity of 
the Emery machine. The exact weight re¬ 
quired on tho weigh lover to balance a 
known load on tho muchino is (has found 
by actual tost, and tho poise weights aro 
carefully adjusted in accordance with this 
calibration. 

Tho rating machine is n earofully constructed 
dead-weight loading appliance. The woight 
was produced from standard weights accu¬ 
rately adjusted at tho llpreau of Standards, 
Washington. 

§ (9) Machines with no Wuhiiiino De¬ 
vice. — Machines in this class are llioso in. 


VOL. I 


K 
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which the load is applied hy a fluid press, 
and the stress in the specimen is calculated 
from the pressure on the plunger. 

An objection to this method of test lies been 
that errors nro introduced into the results 


consists of three main 



FIO. 21. 

owing to tlio variability of the friction caused 
hy the nun packing. This objection has now 
been overcome, in (ho machine constructed by 
Messrs. Alfred .T, Amslor & Co., by using oil 
ns tho fluid tngetlior with an accurately fitted 
min and cylinder with small clearance, thus 
eliminating the packing friction. 

(i.) Anisler 'fettling Machine .—A fiO-ton uni¬ 
versal machine of this make is shown in Fig. 22, 


Each installation 
parts : 

(1) The press or actual testing machine 1\ 

(2) The oil pump for producing the pressured,. 

(3) Tho pendulum dynamometer .D for meas¬ 

uring the load from the oil press¬ 
ure in the pressure cylinder. 

(ii.) The Press .—The press is 
fixed to tho top part of tho 
machine, and the movable) cradle 
carrying the upper grips is freely 
suspended from the rain by two 
rods connected by a crosshead 
which rests on the top of the 
ram. Tho bottom of tho cylinder 
of tho press is held rigidly to Dio 
base of the machine by four 
round columns, which are made 
heavy enough to carry the super¬ 
structure and the maximum loud 
without deformation. 

The base itself floes not take 
any of the loud applied to the 
tost bar T, it is required merely 
as a support for tho miiohino and 
to miso tho working parts to a 
convenient height above tho floor 
lovol. It is made in the form of 
ft hollow iron casting with an 
opening in tho front for the re¬ 
covery of tho fractured test 
pieces. 

Tho ram of the press is fitted 
in tho cylinder with such pre¬ 
cision Unit no collar or cup 
leather is required to ensure a 
sufiioiently oil - tight working, 
Tho small amount of play which 
the ram has in the cylinder 
allows n slight percolation of oil 
to take placo between them; 
this makes tho movement of tlio 
ram in the cylinder very easy, 
eliminating friction aiul allowing 
an exact measurement of the 
total load to bo made. Tho ram 
can lie rotated by a handle, so 
that by occasionally moving 
it through a small angle the 
formation of ridges, etc., is 
avoided. 

(iii.) Oil Pump. ■— Tlio press 
is operated by oil pressure pro¬ 
duced hy n high-pressure pump 
(O, Fig. 22) driven by an electric motor from a 
countershaft (for small machines a hand drive 
can ho employed). The arrangement of 
suction and delivery of the oil is bucIi that 
if nil the valves aro leapt closed tlio oil is auto¬ 
matically short-circuited hack to the reservoir, 
which is carried on the pump stand. There 
nro also returns for the oil to tho reservoir 
from tho top of tlio cylinder duo to loakngo, 
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unci for tlio released oil from under tlio 

ram, 

Water pressure may ho used to work the 
machine by making nr- 
rangeinonts for transform- 
*“4p ® ia * n 8 ' n *° °'l pressure for 
- working the press. 

||' r"\ (iv.) The Dynamometer 




■ •• ■ • • . 


Apparatus .—Tho monsuromont of the load 
is mutlo by means of a pendulum dyna- 


nre attached through a hall-heaving coupling to 
n short- block lever II, which is rigidly secured 
to n shaft iT mounted in ball-hearings in the 
manometer frame. The depression of the 
block H by the pressure causes the heavy 
pendulum B to bo deflected until it assumes a 
position of equilibrium. Tlie point of sus¬ 
pension Oof the pendulum can he altered sons 
to increase the sensitive ness of the machine, 
the connection to the recording gauge being 
adjusted at the same time. 

Tlio arm and rod A attached to tlio pen¬ 
dulum operates n pointer on a dial and tlio 
dynamometer is also provided with an auto¬ 
graphic recording apparatus It. 

As a rule each testing machine is accom¬ 
panied by a pump and separate dynamometer, 
but it is possible for soveral machines to use 
a single pump, if worked in conjunction with 
an air accumulator, and a separate dynamo¬ 
meter for each machine. 

For machines of largo power, i.e. 3(10 tons and 
upwards, Amslor’s measure tlio load by the 
extension of tlio columns which cany the top 
shackle. Asthcsocolumnsox tend under the load, 
thoy arc made to operate a piston in n cylinder. 
Tho shapes of the piston and cylinder are so do- 
signed that a small relative motion between tlio 
two causes a largo displacement of tho oil 
which lills tho clearance separating them. The 
displacement of this oil is matlo to work an 
indicator which is calibrated in terms of the load. 


momotor I). Tho 
oil from tho liigh- 
pronsiii ’0 pump is 
admitted to tho 
straining cylinder 
through the dyna¬ 
mometer, so that 
the actual pressure 
in tho cylinder is 
shown by the 
pointor which is 
operated by the 
dynamometer. 

Tho pendulum 
dynamometer is a 
modification of the 
dead-weight gauge, 
which is used for 
calibrating press¬ 
ure gauges, the 
pendulum arrange¬ 
ment being used 
to automatically 
balance the load 
on tho plunger, as 




shown in Fig. 23. 


(«) Fig. 23. 


(W 


Tlio oil pressure is 

applied to a plunger P, which is kept slowly re- § (10) Torsion Testing Machines.-—M any 
volving during tho test by the pulley P y, from universal testing machines of the lover type 
which it is transmitted to a yoko Y connecting are fitted with ft special shackle for applying 
two vertical rods Gj, G 2 . The tops of these rods torsional stress, ns illustrated diagmmnmticaliy 
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in Fig. LM, in which Min torque is applied by I 
a worm and worm wheel A and measured by [ 


Jovltcrj Weigh t 
(Q) 


Worm and 
Worm-wheel 
(A) 


Handle for A 
Applying Torque 


running tho jockey weight B along the lever 
arm It is usually, however, more non- 
veniont to use a sepitmto machine, and Fig. 25 





shows a inncliino of 250 ponnds-foot capacity, 
miulo by Messrs. .T. JhickLon & Co., cm- 
bodying Uto method of test mentioned above. 

A nonO littlo 
m a o Ii i n n, cl e- 
signed by Pro- 
feasor Thurston 
ami in ado by 
Mo hb in. W. H. 

Bailey & Co., is 
illustrated in 
Fig. 20. The test 

piece ia placed . - 

dependent jaws, (v- J 

olio of which is j templgt 
rotated by band i 

through a worm 
and worm wheel. 

Tlio twist, is communicated through the tost 
piece to the other jaw on which ft weighted 
pendulum is attached. Tho resistance to 
,lnfl«..n,in of tho pendulum onuses a torque 


to bo applied to tho test piece, mul the 
angle of tho deflection of tho penchilnni in 
a measure of that torque. The history ol 
the test is recorded autographicnlly (IJI 11 
chart attached to a drum which in .soon rod 
to tho jaw which is moved hv the gear wheal. 
Tho deflection of tho pendulum moves a pencil, 
which is secured to it, over a gnido ourv'n 
fixed to the frame of the machine in midi a 
ivay that the movement perpondioulnv l<> tb»> 
plane of rotation (that is, the heigh t of the 
curve) is a measure of tho torque, while the 
length of tho curve is proportional to tho angle 
of twist of the tost piece. 

Tho two machines described nbovo mo 
typical of nil of tho methods employed for 
torsional testing machines. 

§ (1.1) Tkanhvkuhi: Testing Macjjii'Nhh.. 

Although a transverse testing shaeddo always 
forms part of a universal testing sot, ninut 
testing muchino nmuufaeturcrs supply njire-inl 
machines particularly suitable for tenting crnnl, 
iron by cross-breaking. These machine** oimhle 
cast-iron foundry bars to be tested rapidly, 
and give reliable, information as to tin- 
mechanical proportion of different mixture’s. 

.Swell n machine, supplied by Mchbvh. W. 11. 
Bailey & Co., Ltd., is shown in Fig. 27. it 
is suitable for test bars up to 2 in. doop, 1 in. 
thick, and 30 in. between centres, and bun 
a maximum capacity of-IflOO lbs. An upward 
foreo is applied to the eonlro of tho beam by 
means of a screw, turned by a hnnd-whool, lift¬ 
ing a central shackle. The reaction in taken ml 
tho beam by two 
end supports and 
also on the lover 
near to the ful- |( 
crum, Tho load j| M'lMWIlfc 0 
is balanced and U 
.measured by run- \yy 1 \ rfvi'A 

ning the counter- W |lj 'M |||l| y|\ 
poise along the |l| \\\\ 




lover while tho deflection is obtained from tint 
movement of tho screw which applies tho kmd. 

§ (12) Grips von holding Test Bars..Ah 

much care should bo bestowed on tho design nf 
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the grips for holding tho test liars us on any of 
tho other essential ])nrts of tho testing machine, 
if aeoiimte results am required. It is import¬ 
ant that those should ho so designed that tho 
resultant of all the forces nets along tlio axis 
of the har, for, if this is not done, the amount 
of the ultimate load is affected. 

The usual method of ensuring that this 
condition is fulfilled is by arranging for somo 
form of spherical or swivelling seating between 


HBSBaiiSSSEB 



Kltt. 27. 

tho test piece and tho connection to the 
testing machine. Tlio principal objection to 
most of theso floatings is that they have no 
protection from dust, scale, or other small 
pieces which are apt to be scattered by tho 
test piece on fracture. 

In the 100-ton Buckton machine (sco § ((>)) 
largo hemispherical pieces, H, and il 2 , are 
arranged in tho top and bottom holdora, and 
to these pieces tlio special attachments aro 
lilted for test pieces of various kinds, 

(i.) Tension Shackles—Pin drips.—Fig. 28 
shows tho oldost method of holding tho onds 
of plate spooimons. A holo is drilled at each 
end of tho tost pioco for a stool pin A, and the 
middlo part of the pinto is reduced in section. 
Tho relation of tho sizo of tlio pinholes and 
tlio sizo of tho 
heads of tho tost 
piece to tlio ro- 
ducocl flection is 
suoh that the 
speoimon always 
breaks in tho re¬ 
duced section. 
This form of holder 
is one of tho best 
for small speci¬ 
mens, provided 
euro 1b takon to 
ensure that tho 
pinholos are accurately on tlio axis of tho 
reduced part of tho test piece, othorwiso tho 
stress across tlio section is not uniform and 
tlio specimen tears from the edge whore tho 
stress is greatest. 

(ii.) Wedge. Grips. — Tho ordinary method 
adopted for holding specimens of ductile 
materials is between two wedges with roughed 
surfaces, as illustrated in Fig. 29, but it does not 
necessarily ensure that the line of pull is axial. 
In order to obtain tho best results with this 










r 


Jest Piece 


If IQ. 28. 




inothod the following paints must ho Immo 
in min<l : 

(1) The position of the wedges in the head 
and of tlio test piece in tho wedges, 

Fig. 29 (A) shows a sectional view of Ihe 
testing machine head with the wedgo grips 
and test piece in position. Tlio wed go grips im< 
bearing their full length against the head ami 



HR 

|| 

n 



Atlachoit to 


Fid. 20. 

tho specimen is bearing for tho full length of I lit< 

wedge grips, ami this is tho correct condition. 

Fig. 29 (B) shows the position of tho wedge 
grijis when the specimen is too thin, and while 

the test piece boars tlio whole longth of I ho 

wedge grips, tlio wedge grips arc not heu ring 
their full length against the head. In lldn 
ease liners aro used to keep tho wedges hack in 

llioir proper place, as in Fig. 29 ((.!), although 

to obviate this difficulty most testing nuuihinru 

aro supplied with pairs of wedgo grips unit- 

able for various 
ranges in tho 
thickness of the 
plate. 

If tho speci¬ 
men does not 
hoar for tlio full 
longth of tlio 
wedgo grips 
(Fig. 20, ») 
there is a tend¬ 
ency, on tho 
application of 
tho load,for tho 
end of tho 
specimen to bo 
crushed and a 
foreo to bo ap¬ 
plied to tho head 
which may split 
it. 

(2) The tend¬ 
ency for the 
wedges to grip 






m 






m 

■ 







mm 



ill 



'■Split Otoa 
, , '.Test Plana 

Arrangement for Hmilori S|irclllliani 
[n ioo Ton Bnokton Mncltlno 

Attaches to Knife Etfue of Inver 



Arrangement for WedRO Ot lp'i 
In ioo Ton Buckton Mnclitilo 


Fid. 30. 


than the 


the test piece more on one edge 
other. 

This arises if the spcninicn is thicker on 

one side or through want of proper adjustment■, 

when tho holders for tho wedges are split and 

separate from tho head, as in the BuckLon 
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lOO-lnii machine [Fig. MO). To avoid this 
diilioidly Messrs. Richie Jims, supply wedges 
with a round face. In Fig. Ill {A), G nro the 
rniitid-fneed vvctlgo grips contained in the 
shackle S. Another method for securing 
proper alignment, is a form of hail-socket liner 
shown in Fitj, 111 (II). 



Tim Hleiilo ran ml fncml 
w«il([o mips for flnt or 
lilnle -spccimcna 

Fid. 31. 


SarraloiJ 
Veo Groouaa 



c 

Weilao Pfrips foi 
Rijimrc or round 
specimens 


For mil ml or Hrpinro ductile pieces tho ivedgo 
grips nro provided with serrated V.groovea, 
us shown in Fiy. Ill (C), 

Tho ends of the s])oc.imen uro usiudly en¬ 
larged, as shown in the sketch, hut with mild 
steel or iron this enlargement may bo dispensed 
with. 

(iii.) Self - aligning Grips. — When testing 
brittle materials or for accurate experiments 
tho alignment of the specimen is espcoinlly of 
importance. It iH usual in those oases to use 
oirenlar test pieces with the ends to fit special 



spherical seated holders. Fig. 32 shows vari¬ 
ous methods of machining the tost pieco and 
attaching to tho shackles. 

(iv.) A very 10-lon Shackles .—Tho arrange¬ 
ment of Avery's 10-ton shackloa is shown in 
Fig. 33. The holder iU is attached to a link 
hanging from tho beam of the testing machino 
by a second link. This holder consists of a 
forging machined to tnko a spherical seating A 
on which tho pull of tho test piece is taken 
through a tool steel stem li and nut C. 
.' ’>n is screwed nil N to taka speei- 


men holders of various sizes. '.L'wo foriun 
specimen holder are employed, vi/.. (O *‘ >I 
headed test pieces I) and (2) for sertnveil tost 
pieces E. 

The shackle is also arranged for uhi' "'itli 


wedges. For tliis 
seating, and bolt 
L aro removed 
and wedges are 
insorted, which 
bear along tho 
surfaces FG mid 
HJ. A handle 
works in the hear¬ 
ing K, and is 
arranged with 
lugs which move 
both wedgos up 
or down at tho 
sftino time. This 
facilitates grip¬ 
ping of the speci¬ 
mens and enables 
tests to bo carried 
out rapidly. 


purpose 


the nut, hUuu, 



Specimen I lolilc r >• 

ilc.ulc.l Tenl I* 


Fig. 33. 


Tho top holder, for connection to thn lover, 
is shown in tho figure. Tho bottom lnd«li>r, 
attached to tho nun-straining rod, wnrkn nil 
exactly the same principle ; a slide is, however, 
provided for it so as to kcop it pain Mo I to thn 
vortical testing machino guides. Until holders 
aro given in tho drawing of tiie testing much ini* 
in Fig. G. 

(v.) A’.P.L. Self-aligning 10-lon <S7mo/7r.v. 

The shackles given in Fig. 34 wore dnsigiUM l by 
tho author for tensile testing, more purtimilurly 
for use in experiments for tho dotormiimtimi 
of tho elastic limit und elastic modulim. Tlit\v 
consist of a bolt A 
with a sphoricai 
nut U on ono end 
and a lioldor for 
screwed or headed 
lest pieces on the. 
other. Tho nut 
bears on a spherical 
seating G, which 
fits into tho sluieklo 
of tho testing 
machine, Tho 
spherical seating is 
kept free from dirt 
by being oloBod in at 
Lho top by a pinto 
E and at the bottom by a pioco of wuhIi - Itml ht«r 
F, which fits round tho bolt. Tim wntdi- 
loatlior, although forming a duut-prcmf covi'i 1 , 
allows free movomonfc of tho nut mill I mil 
on tho sphoricai seating. Tho spaois in Hli< 
hush is filled with vaseline. These Hhiinklim 
havo heon in constant uso and have limi 
found to give every satisfaction. 

(vi.) Grij)s for Testing Hope .—Tho gripping 



Tar.t /»/n ,r 
Hotit.r 


Tost 


Fig. :m. 
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of ropes or cables requires considerable cure in 
order to obtain reliable results ; it is important 
that the grips .should not damage the ends of 


1'IG, 36. 

the rope, othonviso fracture will or our in tlio 
sockets. 

The tests tiro more conveniently carried out 
in horizontal machines, whore there is plenty 
of available longtli, than in vertical machines. 
Serrated wedges (Fig. 30) are used for 
gripping both wire and hemp ropes, and, to 
prevent thorn from being damaged, wooden 
straps of a suitable thickness and length 
are placed be¬ 
tween the grips 
and tho rope, in 
order to seize the 
rope over a con¬ 
siderable longtli 
those special 
wedge grips are 
made very long. 

Whoro only 
vertical machines 
are available a 
satisfactory way 
of holding wire 
ropo for tensile tests is to use conical dies in 
the shackles and seal the ends of tho wire in 
them, as shown in Fig. 3f>, with a low melting- 
point alloy. Tho wire is first tightly bound 
with fine wire at about 5 in. from each end, 
tho end strands are then opened, bent over, 
and tinned. Tho rope is next sot centrally in 


Coiwecteil to Spherical Statlnu 
of Tcstiny Machine 


FlQ. 30. 


the dies, with a little fire-clay, and a bal'd 
alloy of lend and antimony run in forming a 
solid end. 

Tor hemp rope and small cables n method 
which is largely used is to splice an eye on to 
each end and test 
by placing a steel 
pin through tho 
eye. A more re¬ 
liable method is to 
roll tho ends round 
specially prepared 
helically grooved 
drums and clump 
them. Such tools 
nro supplied by 
Messrs. Tillius 
Olson Testing 
Machine Co. in the 
United States of 
America, or Alfred J. A in Bier & Co. (Switzer¬ 
land) ; they nro costly to build, but givo 
accurate results in testing such materials. 

(vii.) Grips for testing Chain in'Tension .—-For 
testing separate chain links or complete chains 
a piece of steel bent into U form is passed 
through each of tho end links. Tho open ends 
of tho U-pieces are then gripped in the lint 
wedges used for testing flat bars («eo Fig. 37). 

Whoro it is necessary lo carry out a con¬ 
siderable amount of chain testing, blocks to 


Ido. 37. 


Fid. 38. 

suit tho various sizes of chain are provided, 
which fit into tho bonds of the testing machine 
Oil (Fig. 38). By menus of these blocks 
sections of a chain can bo tested under a 
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proof loud; this is not possible with tiic 
U-liook method. 

(viii.) Coin predion Shackles. — Spherical 
shackles for compression tests are necessary for 



Testing Machine 
lower Htntl 

*'10. 31). 


accurate work. These oither rest, on the lower 
shackle or hang from the upper shaeldo of tho 
testing maohlno. Caro must, bo omployed in 
using any of theso arrangements to on sura that 
tho axis of the test piece is in lino with that 
of tho bearing blocks and testing machine. 

Fig. 39 shows a 
hall • hearing block 
arranged to fit tho 
uppor crosshcud of 
an universal testing 
mnoliiiio} this tool 
allows for free motion 
in all directions. 

(ix.) Tr ans verse 
Text Tools. — Figs. ‘10a 
and 40l» show two 
types of shackles for 
transverse testing. 

Fig. 40a indicates tho 
roller I mis tor sup¬ 
ports and Fig. 40ii tho arrangement adopted 
with the Buokton vortical testing machino. 
In tho latter method it will bo noted that 
the pressure is applied in linlves, at W t and 



W.j, giving a small central span D of uni¬ 
form handing moment. Tho object of this 
method is to rcduco local crushing of the 
test pieco T. In both arrangements the 


standards A, A enn be adjusted to grad na¬ 
tions on tho beam H to give, different lengths 
of span L. 

As timber is not homogeneous, four-point 
loading is usually adopted (Fig. 41). This gives 
a large span over which the bonding moment 
is uniform and in which tho beam theoretically 



bends in tho arc of a oirclo. Fig. 42 is a 
photograph of theso shackles fitted to a 10-ton 
Bnektoii testing mnohino. 

Tho following points in regard to apparatus 
for transverse tests should bo observed : 


rio, 4i. 

Rocking supports should ho used at tho ends 
of specimens. 

Motel plates should bo provided, if necessary, 
to prevent a high intensity of pressure under 
the point of loading or at tho supports. 

Dofleotoinetcrs or doformetora should not 
be attaohed close to tho points of application 
of tho loads. 

If deflections are to bo observed, it is ad¬ 
visable that tho rate of loading should he such 
that tho readings can ho takon while the load 
is being continuously applied. If a stoppage 
is unavoidable, tho timo intervals should bo 
constant for tho test. 

(x.) Shew Shackles .—There are two methods 
of applying a shear stress to materials, one 
by a torsion test and the other hy direct 
shearing ■ or punching. The torsion for¬ 
mula only holds for perfectly elastic bodies, 
and if it is used for the breaking stress 
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a figure greater than the real shearing stress qHiring slight modification to that shown m 
is obtained. Fi'J- ‘13. 

Various methods for direct shear aro in use, (-viI.) Test of very Thin Male. An arrango- 

l>ut with these the shear is always accompanied ment for shear tests on very lliin plates oi 

slices from ft bar, used at the A. I .1/., is 



shown in Fig, 44. The test piece T is 
placed in a die 1) having a hardened 
steel facing F. A hardened steel 
plunger P, with n long hearing in the 
die, is placed on the test piece. The 
hob ill the facing ('/,) is slightly taper 
(the figure is exaggerated), and the 
end of the plunger {</ a ) is inado a 
good fit in tho hole. 

The gear is placed between the 
compression shackles of the testing 
machine and the load measured, which 
enables the plunger to push a hole 
through the test pioeo. 

Tf t -the thickness of the test piece 
and W - tho load; then tho shear 
stress = Wlird t l. 

(xiii.) Test of Timber in Shear (sco 
section on timber tests, §(127)). 

(xiv.) Torsion Shackles ,-—The easiest 


by n certain amount of bonding anil com¬ 
pression. 

(xi.) 'Tests of Bar and Plate. — Fig. 43 
indicates a shear 
test tool for round 
specimens. Tho 


■4’A Parallol 


Alternative 
size of Ends 


specimen A iH clamped to a bloolc B and, 
with tho testing maehino adjusted for compres¬ 
sion testing, tho load is applied to the shearing 
tool C. Tho test can 
ho arranged so that 
the specimen is brolcon 
in either single or 
double shear. The 
dies T), as well ns 
T the shearing tool, are 
made of tempered 
tool steel ground to 
an edge. Provision 
is nmdo for wear of 
1|ll0 44 the tools, and they 

aro inserted in such a 
inaimor that they can ho easily removed when 
necessary for grinding. 

A similar method can bo used for flat plate, 
tho form of tho shearing tools and dies re¬ 


adopted in tho Emory machines, and this 
method from tho point of view of accuracy 
is above criticism. 

Several devices are used to attain tho same 
ends. If dead loads arc not directly employed 
verification depends on a previous calibration 
of the device used, so that it ultimately depends 
on a dead-load method. 

Noxfc to loading by cloud weights tho em¬ 
ployment of calibrating or proving levers is 
tho most acceptable method. This arrange¬ 
ment is shown in Fig. 40. The levers Lj and 
L), carefully constructed, rest on knife edges 
in a double chair C,, which itself rests on tho 
weighing table T t of tho maehino. A single 
chair C a is placed on tho other knife edges 
and forms tho fulortim of tho lovers; tho uppor 
shnolcle C a of the maehino is brought down 
on to this chair. A leverage of ten is general ly 
adopted for calibrating machines up to ton 
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tom capacity, and a Invcrngo of twenty up to | Brunner, 1 who used wood in tlio form *' ^ a bn 
liTty tons capacity, which is the maximum to of small thickness (2 to 4 etn.) aH 
which this method of verification ia usually Wood has the unique property of ofltfi’i"^ 
carried. same resistance to crushing whcstlior t n!< 

Other methods of checking nro ns follows: cubes or thin slabs. This met hod <1 

(i.) liy a standard (cut bur made of steel with all measurements of deformation wliiidi 

wiiose modulus of elasticity is known hy necessitate the use of instruments of j* 

previous experiment. A Lest piece is turned and by selecting wood well dried nncl wiH limit 

to lit the testing machine, and of such a si/.o flaws, an accuracy of 1 percent can ht» of n 

that when the maximum load is applied to it Messrs. Scheie and Brunner foiln«| limb • 

the limit of proportionality of lead to extension wood of Conifcrne is the most fluitulilti owing 

will not he exeoeded. An oxtonsometcr is to its regular structure. Five or six pi^ , ’ , ‘' 1 

fitted to the test piece, and mailings of it taken wood of each cross-sectional area uro Ix-nlrd 

at various loads shown by the testing machine in a standard machine ns well n .3 i** 1-fn’ 

indicator. 'J'hcso readings nro then compared mnehino whioh is under calibration. 

with thoso calculated from the modulus of (v.) With a “ Standardising Tiox .— r I'I• •’* >»* 

oluslieity, and a veriliention of the testing an instrument supplied by Messrs. 

nmehiiio scale obtained. This method ia difli- Amslcr & Co. for quick and aocmmto olieidc- 

ing of testing; uiimhiin s. 

It is essentially ii, lioltmv 

test bar wluiso «(ivumh 
nn dor load ing «iio 
measured by it« elf niimi- 
lion or inoi-onHo in 
volunio. It is Illicit I with 
inoromy, mui 1 » 4X m ti 
/.ontal capillary' 
also partly iillocl with 
moronry, attn«ili«»t l I < • it 
on ouo si«l«>, iiiixl ii 
micromotor, working n 
plunger in imd oi»b «>f 
the box, on tlio ol 
sido. When the Jim Ini- 
meat is strosso< l n x i n lly 
tlio position, of tlio uu<r< 



cult to onrry out except by persons skilled in 
hucIi work. 

(ii.) With Crasher *.—Those arc cylinders of 
copper whoso diminution in length with load 
is known. A series of crushers arc loaded in 
the compression apparatus or tlio machine 
with various values of the load, which are 
noted from tho maohiuo indicator. Tho actual 
foreos exerted are deduced from tho diminu- 
liun of length of tho crushers, urul these are 
oompared with tho indications of tho machine. 

(iii.) Hy «■ Serim of Te.nxile Text Pieces .— 
Thoso uro made in duplicate and of varying 
diameters, so that tlio largest test pieces will 
take nearly tho full capacity of tlio machine. 

They nro all turned out of tho snmo bar of 
homogeneous material, and one series is broken 
in Hie testing machine to he calibrated, and 
the duplicate series tested under tho same 
conditions in a machine whoso accuracy is 
known. 

Ihitli methods (ii.) and (iii.)are simple, but 
are not avniJabio for a greater accuracy than 
about ;[■ 2 jior cent. 

(iv.) An improvement of the. copper crusher 
method has been suggested by Seliuio and i 


cury in the en f »iHur.v 
bibo is altered owing to the chnngo in v« >lu in«>, 
T]jo position of tho mercury is then roston il 
to tlio zero position by tho mioromotor. r riio 
rending of the micrometer is cnlibmto* l iinrlrr 
known loads, mid this calibration used m 
eon junction with tho standardising box i«i 
check the testing machine. 

Tho methods described above nro nj ij ►lix-ublo 
to most testing machines, but with sin^ln lover 
vortical nmcliincs a simple tost can In? cm mini 
out quickly and ncouratoly in tlio f«»1 ]■ twing 
way: 

As tlio load is weighed by a jockey 'Wi'ijurlil, 
and as there is only one lever, it is only ucocsnan 
to verify tlio weight of the jockey mul tlio h|i «> i t 
arm-length of the lever to onauro that tlm 
maeliino is reading correctly. 

(vi.) Weight of the Movable Counter w. 
This onn he found hy lifting it from the lover 
with a suitable weighing mnehino siiHpoiiclrd 
from a orane or, where this is incon voiiioiif 
by moans of the lover itself, in tho following 
way, First balanco tlio beam mid aclJimt ( htj 
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vernier In zero, then hang up a known weight 
from tlio bonm nt a measured distance from 
Uie fulomni. This raises tho beam, nnrl the 
counterpoise is run along until balance is 
again restored. 

|f W ~ weight of counterpoise, 

—hanging weight, 

f, = <l3at!tneo of banging weight, from 
fulcrum, 

L~ (1 is tan co eoimtorpoiso is moved to 
restore bnlanco, 
then \V -- w l xlJL. 

(vii.) Distance, between the Knife Edges. —After 
tho beam 1ms been balanced and the vernier 
adjusted to zero, a heavy weight w a is hung 
in tho shackle of the nmohino and tho counter¬ 
poise moved forward until halanco is restored. 
If W — weight of counterpoise, 

L —distance eounterpoiso is movod to 
restore balance, 
w 4 = weight hung in shacldo, 

/„ = knife-edge distance, 
then knife-edge distance = l 2 = L x W/w 2 . 

(viii.) Sensitivity. —Tho sensitivity of the 
nmohino can bo determined by finding tho 
greatest weight which can bo hung from tho 
shackles without causing the beam to move 
after it has boon balanced. 

J. II. Wiokstcod 1 found that with a 100- 
ton lnnchino in equipoise, but unloaded, so 
that tho dead weight of lover and poise is 
equivalent to G tons on the knife edge, a pull 
oil tho ahftoklos applied through a silk thread 
breaking with a load of 3 or 4 lbs. is sufficient 
to raise tho lover arm through its whole arc. 

(ix.) Zero Error.— Caro should ho talcon to seo 
that tho zero of the muohino is in adjustment 
before commencing a test. 

II, Elongation and Contraction of Area 
§ (14) Ductility.— For workshop use a bend 
test gives much information as to tho ductility 
of a material, and requires very little special 
apparatus to carry it out. The usual measures 
of ductility, however, are the ultimate per¬ 
centage elongation or contraction of area at 
fracture in » tensile test. 

§ (ir>) Distribution of Elongation in tiie 
Test Ear.—I f a test picco of ductile material 
is marked out in one-inch lengths niul then 
testod in tension, it is found that it breaks 
with a neck or waist, and that the increase in 
length of the section including the neck is con¬ 
siderably liinro than at any other point along 
tho bar. Observations for some bars are given 
in Tablo I, and results from thorn are plotted in 
Fig. 47, where the stretched lengths arc plotted 
ns ordinates and the original distances along 
tho bar ns abscissae. Tho resulting curve is 
seen to consist of two parallol branches con¬ 
nected by a S curve, and it will be evident 
1 Proc. Inst. Mcch. Eng., 1888, i>. 164, 


i:u> 


from the curve that the vertical dial unco 
between the two parallel branches is the lorn I 
extension due to the necking of the test piece. 
In Fig. 48 the same results are plotted in 
another way. The increases in length in each 



(bofor a leltl ill Inchei 


FlO. 17 


inch nro plotted as ordinates at tho centre of 
each inch length and connected by u curve. 
It is seen that tho rate of elongation at the 
fracturo is very largo, and that tho curve in 
nearly symmetrical. 

From tho figures in Tablo 1 the pc mm type 
elongations on various gauge lengths can bn 



Fig. 48. 

calculated. Taking tho fracture as near («• 
the centre ns possible, these results are given 
in Table 2 and are calculated ns follows : 

If tho original gauge length = L Jf 
the final gauge length = L 2 , 

the elongation = L* - L„ 
and the per cent elongation = I00(L a - I )/1 <j. 
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It will bo evident from tho table that tho 
percentage elongation is dependent upon the 
gauge length, decreasing as the gauge length 
increases, and that fur strictly comparative 
results tho same gauge length should he 
adopted for bars of tho sumo diameter. Also, 
for strict comparability, 1;ho position of tho 
fracture should Ijo tho same in each bar. If 
tho lmr breaks near to the end of tho gaugo 
length the percentage elongation is low. Tho 
formula for calculating tho error involved lias 
been expressed by IJmvin 1 ns follows: 

“ Let fij he the percentage of elongation in a 
gaugo length L + 2X, and e 2 the elongation in 
a gaugo length L-2X, tho fracture being at 
tho contro in both cases. Then the elongation 
in a gauge length L when the fraeturo is at 
X from the centre is e = |(c, +e,).” 

Tho results in Table 3, taken from Unwin'a 
paper, show tho magnitude of the orror. 
Unless the gaugo mark is in tho part affected, 
by the local contraction, tho effect on tho 
percentage elongation is small. 

§ (lti) Bahha’s Law (Elongation op 
Gkomethicacly Similar Test Bars).—T ho 
law connecting the elongation of geometrically 
similar test pieces was first given by <T. Barba a 
in 1880, who observed that similar test bars 
deform similarly. It follows that, for cylindri¬ 
cal specimens, if tho ratio of gaugo length to 
diamotor is constant, tho percentage elongation 
is also constant. This is shown olonrly by tho 
results on a mild steel and medium carbon steel 
given in Table 4. 

Unwin says 2 that “ in plate test bars, not 
striotly geometrically similar, tho percentage of 
elongation is practically constant, if the ratio 
of gauge length to square root of cross-section 
is constant. The form of cross-section within 
somowhftt wide limits, if tho area is constant, 
does not appear to influence tho elongation.” 

§ (17) The Elongation Equation, (i.) 
Variation with Gauge Length. —Tho elongation 
of a test lmr is made up of two parts : 

(«) Tho general extension, occurring boforo 
tho maximum load is readied, which is approxi¬ 
mately uniformly distributed along Uio bar 
and thoroforo proportional to the gauge length. 

(ft) A local extension independent of tho 
gauge length occurring aftor tho maximum 
load has been reached. 

If L —the gauge longth, 
ess tho total extension, 

then e=«+AL, where a and b are constants, 
tho former for the local extension and tho 
latter for the general extension. 

Tho percentage ox tension 

= 100 X £= -£°(«-I- b L) = 101) (j* + bj. (1) 

1 “ TcnsHo Tests of Mild Steel,” Inst. Civ. Ena. 
Eton.. 1004, civ, 17/3. 

* liai'lia’s l aw, bco Unwin, “ Tensile Tests of Mild 
Steel,* Inst, Civ. ling. 1‘roc „ 3004, civ. 170. 


i.e. tho percentage extension for a given 
sectional area decreases as L is increased, 

(ii.) Variation with Omt.i-.iedion .—Only the 
local extension is affected by the cross-sectional 
dimensions of tho test piece, i.e. the term <t 
in equation (1). 

Since the local contraction is proportional 
to tho linear dimensions of the cross-section, 
and the extension is not affected by the form 
of tho oros8-soetion, 

a—asJK, . . . (o) 

where A = tho cross-scotional area, 
c=a constant j 
i.e. for dissimilar lest bars 

% elongation = 1<)()£= 100 . ( 3 ) 

This formula is true provided 
{«) Tho gauge points uro not too close to tho 
enlarged ends oE tho test piece. 

(h) Tho length L is not so short as to full 
within tho area affected by the lone I 
contraction. 


Equation (3) is in agreement with Barba’s law 
for similar test pieces that, when similarity is 
maintained, the percentage elongation is 
constant because, in that case, v'A/L, and, 
thoroforo, c becomes constant. 

Unwin 3 gives the following method of least 
squares for calculating tho values of b and <s, 
in tho elongation equation, from a series of 
observations : 

Tin’s equation is 


c% = 


A 


\-b. 


For simplicity, lot \(A/L —n, and supposo (bit 
elongations have been observed for n gaugo 
lengths. Then tho most probnblo values of 
tho constuntH aro given by the equations 


n 2 .ea- 2 .c 2 a - Xrrti’H 

»^ 3 -(v«)a an<l b ~ • 

Applying these results to bar 84 (Table If), 
whoso diamotor = 1 000 in. and area-0-7854 
sq. in., and percentage obligation on 


3" —41'0 0" = 31*8\ wo have 
4" = 30-5 7"== 30T l \^A —0>8803 
G" = 34-0 8"- 28-8 J and w = 0. 


J,. 

Va 

I"*- 

e. 

crt. 

a*. 

3 

•2054 

41-0 

12-110 

■08721 

4 

•2210 

30 G 

84)88 

•01010 

ft 

■1773 

34-0 

8027 

•03113 

G 

•1477 

31-8 

4*00(1 

-02181 

7 

•12GG 

30'1 

3-810 

•01003 

8 

•1108 

28'8 

3-11)1 

•01227 

21 = 

1-0704 

202-2 

37-022 

•21708 


3 " Tensile Tests of Mild .Steel,” Inst. Civ. Eng. 
1 'roe., 1001, civ. 233. 
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Taih.k 1 

EXTENSIONS ON 1-tNOlI I.KNOTIJS AT DiI-TEUKNT Distances from THE Fkactuhk 


No. of Test 
Piece. 

Diameter 
of Test 
Piece. 
Inches. 

Yield 
Stress. 
Toiik/Si|. Id. 

Ultimate 
Stress. 
Tons/Kii. In. 

Extension In Inches In each Inch 
along the Bar. 

Total 
Extension 
in Inchon. 

0*1 

1-2 

2-3 

3-1 

•MS 

6-0 

(1-7 

7-8 

01 

1-000 

22-0 

■17-1 

•08 

•10 

■20 

•23 

• 12 

• 10 

•12 

•13 

1-08 

71 

0-009 

14-0 

22-0 

•15 

•15 

■22 

•48 

•28 

•20 

•18 

■18 

J *8t 

8-1 

1-000 

10-3 

20-0 

'■20 

•24 

■37 

•60 

■27 

■23 

•2) 

■ 10 


92 

1-000 

15-2 

24-7 

-2-1 

•21) 

•30 

■78 

•31 

■20 

■23 

•20 



(Tlio fracture was included lietween 3-4 ill each curl 1 ,) 


Table 2 


1‘ilUOKNTAOK EXTENSION ON Dll’FBHKST (lAUOH LkNQTHB (INCLUIUNO I'llACTURB) ON 1-lNOlt 
Diameter Bars, Ski: Taih.k 1 



Gauge Length In Inches. 

Piece. 

3. 

4. 

r». 

0. 

7. 

8. 

04 

18-3 

10-2 

150 

14-3 

130 

18*5 

71 

32-7 

29-5 

20-0 

25-2 

23-7 


84 

4 1 0 

3(5-5 

34-0 

31 8 

30 1 


02 

48'3 

43-0 

400 

37-2 

35-3 



Table 3 


Elongation Pbuukntaok in 8 Inches. when tub Fbactuhh ih not at Tin: < ! i:ntuii ok tub 

Gauge Lrnqtii 


No, of Bar. 


2301 

2302 

2303 
230-1 
2305 

2300 

2301 


Dlstnuco of Fracture from Centro of Bar In Inches. 

0. 

1. 

2. 

3. 

4. 

Fracture at 
Centro. 

29-2 

20-1 

28-9 

28-1 

Fracture at 
Gauge Point. 
23*5 

20-5 

29 5 

29-5 

20-1 

23-9 

•29-8 

29-7 

29-8 

20-2 

24-4 

25-3 

25-3 

26-3 

24-4 

20-2 

20-0 

20-0 

20 0 

28-5 

24-1 

28-7 

20-0 

266 

200 

23-2 

30-5 • 

3<H5 

29-7 

28 3 

23-6 


Table 4 

Tests on Similar Test Pieces 


No. of Test 
Piece. 

Diameter of 
Test Piece. 

D Inches. 

Gauge 

Length. 

L Indies. 

Ratio. 

L/D. 

Yield Stress. 
Tons/Sq. In. 

Ultimo to 
Stress. 
Tons/Sq. In. 

Extension. 
Per cent. 

Deduction of 
Area at 
Fracture. 

Per cent. 

BI0D 

•660 

4-0 


28-41 


17-4 


B10E 


3'5 


28-88 


17-2 

IBSBi 

B10F 

•330 

2-72 




16-8 

PM 

1 ADD 


4-0 

8-30 

21-26 

26-52 

33-2 

70-4 

A9E 

SHHfi 

3-6 

8-33 


20-27 

32-8 

08-7 

A9F 

fc* 

2-72 

8-24 


264)0 

32’2 

07-8 
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(»*)• = 1*1 CM3, 

(« x :i7-!)2) - (202-2 x 1 -0704) 

((» x -2i7!))-T ; lM' —wo. 


. _(202-2 x -21 70) - (27-92 x 1*079) 
'”..‘(Ax"2470)- ]'-lor* 


and lliorofnrn Min elongation equation for this 
hnr of material ia 


e-% 


flo-fi s/A 
: L 


-1-22-1. 


§ (IK) Contraction op Am :a at Fkactuiiic. 
—I f it is tho initial urea of the lost hat- and 
A 1.1 ir> mm nt the point of fracture, then tho 
reduction of nroa ia equal to («- A) amt tho 
portion (ago reduction of area — 100 x(a- A)/rt. 

If (lie material is police tly plastic! tho jxsr- 
eoutage contraction uf aron is equal to tho 
pmoenlngo elongation where tho hitter is 
calmilulod on tlio fiiutl length of tho test bar, 
100 x («.- A)/«^KK)x(U- L,)/U. (L, and 
L 4 mn the initial and final lengths respeotivoly.) 
The proof of thia is as follows : 

Tim volume of tho teal piooo is assumed to 
ho constant, therefore 

L| xit-1 , a x A 

A L. 

or — — V s } 

a L a 

Hublmoting each from unity, wo fmvo 

a lij, 

or t-A.r-hzb- 

it- L a 

'The a green lout hotwoon elongation mul con- 
trauMon of area is only for tho short part of 
the specimen where thorn is plastic cloforma- 
tion, and it dons net apply to greator longtlis. 

Professor Elliot 1 has given a method of cal¬ 
culating tho constants h and c, of tho elongation 
oi| nation (ai=m vA/L-f-6) when tho elongation 
Is only known on one gauge length logothor 
with the oontroolion of area of tho lest bar. 
Tho method depends upon the assumption 
of n valuo for tho original length of tho 
contracted region. Taking this ns mdA, 
Elliot found that m varied from 0-9 to 2*0, 
ami adopting tho value of 1-37 ho obtained 
very fail. 1 ngreomont witli rcsiilts i>rovionsfy 
jiuhlislKid by Umvin.* 


7II. PllOOlJDUIlK IN ORDINARY COM MKHOIAT. 

Tustino 

Commercial testing is undertaken primarily 
to nseortiiin if tlio material is of tho quality 
required by a speoilication, T’heso inspee- 

.lie JlcluMoii ef tile Corotiials of tho Elongation 

ii to Conl,million of Area,” Inst. Civ. linn. 

)l) l. elvlli. mm. 

•■Hile 'Pests of .Mlhi Steer,” Inst. Civ. ling. 

' civ. 175, 


tion or reception tests have to bo *• 
quickly, and are principally directed to 
indications of tho strength and duuf il if.Y 
tho material. 

§ (19) Preparation and Selection t>i-' 

Pieces. —Tho test pieces must be selcnr* * _ KO 
us to givo a reliable indication of the mixbm'bil 
ns a whole. Sampling is inherently im ] jd 
nnd is therefore apt to cmiso' iliflif" 11 * 
Samples should always be taken and 
in tlic presence of an inspector acting 0,1 
behalf of the purchaser, and thorn 
he safeguard a to avoid heat troatinei i * 
other manipulation after selection. 

Tho nunihor of tests should bo 
and, in order to cover errors which nro .1 i 
to arise, limits should be allowed on tho lout 
results, and provision made for m-teat if 
necessary. A usual elauso is that, shim Ul £ *’ H ’ 
test piece fail to conform to tho specif Urn. 4-i 0| b 
tho conti-aetor shall liavo tho opportun it-.Y °f 
two further samples being selcotod J>„y 
inspector and tested at the mnmifnotm<' r ' H 
expeuso. Until of these samples must )mh«H >n 
order for tho consignment to be aoooplo* I. 

Test pieces, if to be taken from a 
such ns a tyro, axle, erank-shnft, etc,, Hlioiild 
ho out out by cold sawing or drilling, and hiiI»- 
scquently propnred by milling, (urnmt4» *'i- 
planing. Should shearing be unavoidable-. cum 
must bo taken to ensuro that tho mnUM-ii*l in 
not bent, and that tho sheared etlfgon nro 
entirely removed before testing. (Jutting by 
oxyacetylene blowpipe should nob bo nllti'Wiui, 
ns it alters tho structure of tho matnriii l for 
from 2 to 3 in. from tho out. 

Iron or stool plates are usually tostod butli 
in tho dirootion of rolling and across it, mill 
with cast iron special bars are mado from c'liofi 
cast for transverse test. For some nmtorinbi 
sjiecial bars form part of the casting im c l m n 
afterwards cut oil' for testing, but it in umnd 
to specify the position of these bum ami 
whether they nro to be sand or chill 

For special tests some form of heat trout- 
ment, such ns normalising, annealing, or tom- 
poring, limy bo required. 

Annealing moans reheating followod 1j_v nlmv 
cooling. Its jniTposes may ho either to ronmvr 
internal stresses and induce softnosn, or <>> 
rofino tho crystalline structure. In tho fritter 
ease tho tomperataro used must nxocotl (hr 
upper oritienl range, but not more than l»y 
50° C. 

Normalising moans heating a stool (liowovta- 
previously treated) to a temperatnro oxetmc I iug 
its upper critical range (but not more tlum by 
50" C.) and allowing it to cool freely in air. I t 
is desirable that tho stee-1 should soak n t, | hr 
required temperature for about 15 ininvttOM. 

Hardening means heating a steel to |t« 
normalising temperature and cooling more or 
less rapidly in a suitable medium, such un 
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water, air, or oil, Tomjicring is to reduce the 
hanloess mul increnso tho toughness, and is 
carried out hv heating the steel (howover 
previously hardened) to a temperature not 
exceeding its carbon change point. 

§ (20) Tension Tests. —The data ordinarily 
observed in a tensile tost for reception pur¬ 
poses is 

Yield loud. 

Maximum load. 

Elongation after fraoturo. 

Contraction of area at fraoturo. 

§ (21) YiKill) Point and Elastic Limit.— 
Very of ton there seems to be confusion as to 
exactly what is meant by the olastie limit and 
tho yield point. It is a common practice for 
tho elastic limit to he specified when what is 
actually required is the yield point, Tho actual 
elastic limit can only ho obtained by the use 
of delicate strain-measuring instruments (seo 
§ (02)); the yield point is slightly higher than 
tho elastic limit, and is tho point at which 
there is an increase in the extension without n 
corresponding increase in tho stress. This point 


very gradual curvature away from the straight 
line. Such a criterion has much merit and 
would accomplish tho following results : 

«(j.) It would always fix one and tho same 
well-defined point. 

“<ii.) This point would always correspond to 
so small a permanent deformation ns to be, for 
many practical purposes, the true clastic limit. 

“ (jii.) It is equally applicable to all kinds 
of tests, whether on specimens or on finished 
members or structures, whore deformations 
of any ldml can bo correctly measured. 

« vVhllo tho aO per cent increnso in tho rate 
of deformation is purely arbitrary, it is not 
largo enough to fix a point having an appreci¬ 
able permanent set, but it is largo enough to 
fix n well-defined point on tho stress strain 
diagram.” 

Unwin,® howover, says that “ such a point 
lias no significance,” also “ that tho attempt 
sometimes made to define arbitrarily n yield 
point for materials which Iiavo no distinct 
yield point, and, often ns manufactured, no 
clastic limit either, appears to him to bo 
useless and misleading." , 


occurs in wrought iron or 
mikl or medium carbon 
steel, and is usually well 
marked. With hard steel, —-4(f-(Q- r— 
bronze, and most alloys it 
is non-existent, tho rate of 1 /— 

extension with load in¬ 
creasing after tho elastic limit without any 
sudden jump. 

For commercial testing tho yield stress is 
tho load per unit area at which there is n 
sudden visible increase in tho extension 
between tho gaugo marks oil the test pieoo, 
or it may ho taken as the stress at which tho 
beam or indicator distinctly drops when the 
load is applied at a uniform rate. 

Tike author prefers to record that “ (hero 
was no yield point” in cases where these 
conditions are not observed, but, as some ; 
specifications require an arbitrary yield point, i 
• it is taken at tho point at which tho test 
pioco extends approximately 1/200 of tho 
gauge length. With a 2-inch gaugo length 
this, for practical purposes, is tho _ point 
where the dividers, when set at 2 inches, 
just fail to 11 feel ” tho gauge mark. 

Johnson 1 proposes that “ in view of the 
difficulty of determining tho true clnstie 
limit, an apparent elastic limit ho taken ns the 
, point on the stress strain diagram at which 
tho rate of deformation is fiO per cent greater 
than ft is at the origin. Under this definition 
’tho apparent elastic limit would practically 
correspond to tho yield point in materials 
having such a point and would give a reason¬ 
able value for such materials os cast iron, or 
hard steel, for which this diagram shows a 

1 Materials of Construction, 1918 edition, p. 10. 


It is convenient, whore a considerable 
amount of testing has to bo done on the same 
size of test pieco, to u«o n simplified exten¬ 
sion. measurer applied to tho test piece instead 
of dividers. G. II. Roberts 3 describes and 
illustrates an instrument of tins kind in which 
tho extension of the test piece is communicated 
to tho pointer on a dial. One division on tho 
dial indicates a movoinont between tho jaws 
of 0-001 inch. The yield point is aeon 
quite definitely if it occurs, or the load for an 
extension of 1/200 of tho gauge length oun bo 
also noted with fair accuracy. 

Cupp's 4 multiplying dividers answer the 
same purpose. They are illustrated in Fig. 
49, mul consist of two arms so pivoted that tho 
motion of tho points in which the short arms 
terminate is multiplied about ten times at 
the. scale and pointer forming tho ends of the 
long arms. To use the instrument tho points 
of the dividers are placed in tho centre punch 
marks on the test piccB and held firmly in 
plnco when tho load is applied. The pointer 
moves across the scalo slowly until the yield 
point, when a sudden and marked increase in 
tho rate is observed. 

§ (22) The Maximum Load.—A n autographic 

3 Testing Materials of Construction, 1910 edition, 
p. 206. .. , . ,, , 

3 " Engineering llescnrch, Inst, , Mecn. bn'j. 

1 C proc. Tiller. Soc. 'Test. Mat,, 1907, vil. 021. 
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stress strain diagram shows that, with a test 
bar which “necks” before fracture, the actual 
load necessary to break the test pieeo at the 
neck is less than the maximum haul on the 
her before the reduction of area takes placo. 
Nevertheless, the stress obtained by dividing 
the breaking load by the reduced area is 
greater than the stress obtained by dividing 
the maximum load by the original area of 
the bar, which is the figure required by 
specifications. 

The terms breaking stress, maximum 
stress, and ultimate stress are applied indis¬ 
criminately to indicate tho maximum load 
divided by tho original area which is desired 
by specifications. It is obviously not the 
maximum stress, although it is calculated 
from the maximum load. As tho. term 
breaking stress is also liable to ho mis¬ 
understood tho author prefers to call it tho 
■ullimalK ahem. 

§ (211) 1‘HKOKNTAGK EbONOATION AND CON- 
Tii action ok Auka. — In specifications tho 
elongation and contraction of area arc re¬ 
quired in order to obtain a measure of the 
ductility of tho material. Both aro em¬ 
pirical values, and the forinor, 
ns has been shown in § (17), 
is dependent on tho cross- 
scotion of tho test bar and 
tho gauge length. It has 
been suggested that tho per- 




—009, 


_ (1-32 X S) - (2-B7 X :i) 3*45 
. 8-3 . r>" 

i.e. general extension = B = 21 per cent. 

§ (24 ) ATkasuiuno tiik Extension.—T im 
gauge length in ordinary commercial testing 
is marked on tho bar before it is tested, by 


c 



Via. 50.—Double Centre Punch. 


means of either a double centre punch (l>'ig. 50) 
or a laying-nll and per cent gauge ( Fig. 51 ). 
It is, however, Hourly ns convenient and almost 
as quick to uso a pair of dividers set to 
the correct gauge length. It is necessary to 
have a vco block to support the test pieeo 
during tho marking-off process. 

As long as the fracture is not less than u 
length equal to tho square rent of the area 
inside tho gauge mark the measure of tho 




40 30 20 


rvvvvinn/1/1 


Irici. 61,—buying-off ami per cent (bingo. 


contngo general extension instead of tho per¬ 
centage total ox tension should be adopted, 
ns this is independent of the form of 
test bar. It would, however, complicate 
the calculation of the results, and owing 
to tho general adoption of tho other method 
of expression would doubtlessly cause con¬ 
siderable confusion. 

Tho gcnornl extension, if it is required, is 
obtained either 

(i.) Ere 111 an autographic diagram, as the 
extension at maximum load, i.e. before the 
nocking of tho test piece, or 

(ii.) From tho measurement of tho elongation 
on two-gauge lengths on the same test piece. 

Thus if Cj ~elongation on gauge longbh K 
c a =:oloiigal.i(>n on gauge length L*. 
a~ total local extension, 

B — the goncral extension por unit 
length, 

then c,=BL, + rt, 
c s =BI*,-p a, 

u nd (ho general extension per unit length 


= B = 


e *— e L 

L a — 1 /j’ 

a.g. with a 30-ton steel, diameter = 1-000 inch, 
Extension on 8"-2-37 inches (20-0 per cent). 
Extension on 3" - I'32 inches (44-0 per cent). | 


Mtddla 

Half 


elongation is usually accepted us satisfactory, 
i.e. 0-5 inch for a test piece of 0-25 Rq. in, area 
or 0-7 inch for a lest piece of 05 sq. in. area. 

Sometimes it is specified that “ should a 
tensile test piece break outside tho middle 
half of its gauge length (lie test may, at tho 
contractor’s option, bo discarded ami another 
tensile test shall bo mndo from tho same lmr, 
billot, sheet, forging or drop forging.” The 
middle half is defined ns shown in Fig. 52. 

§ (25 ) MkthOI) OF IU 3PQIWNQ Ricsuivrs.— It 
is desiruble that the results should ho reported 
in such a 
manner that 
tho informa¬ 
tion can be 
assimilatod 
ns easily as 
possiblo. It 
adds- greatly 
to the facility with which tho results can bo 
compared and scrutinised if tho form of report 
is always in the same stylo. Tho following 
points aro also worth consideration : 

(1) Tho report should contain as far ns 
possible tho actual observations. 

(2) Tho heads of information which aro 
purely observational and those which hnvo 
boon reduced by calculation should bo kept 
soparatc. It is convenient to havo tho lattoi' 
on tho right-lmnd side of tho form. 
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A typical form for tensile tests is given in 
Fit/, nil, tcjgotlior with llio results of a few 
tests. It is aeon that the information winch 


the bur tested under tension, a concentration 
of stress is caused at the bottom of the 
groove or notc.li which is thus formed, while 


Report.—Tensile Test or Material carried opt os Roii.ur Plate huiti.iki> ay 
A. Brown & Co., Ltd., fob whom the Tests were made 



o 

Oristiml Diminution!) 


3 

Dimoiiftfmm nt Fracture. 

tr> n 



i 

o 0 

ou 

■2 

M 


'A 

£ 

4 ajJ 

EH 

g* 

*3 

i 

II 

6 

g 

8-g 

3*h 

3 

ij 

is 

3h 

S 

3 

as 

3 

a 

fl 

us 

W 

in 

QC« 

lO 

g ** 
11 
3 

Ad 

< C* 

U) 

|f 

¥ 

|u 

~£ 

Kent inks. 

1201 

UHL 

2 

•6118 

•2189 

Sri 

0-67 

•07 

10 

•396 

•1226 

18-7 

20-40 

33-0 

fiO-8 

1 .Slightly ItmiinaLol 
\ Iracturn 

1202 

UK2 

2 

•608 

•2481) 

3-8 

7>18 

■02 

M 

•380 

•1184 

15 3 

28-85 

81-0 

61-1 


1203 

U M3 

o 

>803 

>2189 

•10 

0-77 

■02 

11 

•370 

•1075 

KM 

27-20 

810 

50-8 



Fill. 63. 


is ultimately required is given in tlio Inst five 
columns. 

Example of Test Record and Calculation of 
Results ,— 


the shoulders formed by the groove prevent 
free elongation of tho metal 
In a material which extends very little, an 
abrupt change of section will lower 1 ho 


Tensile Test on Boirkh Plate fob A. Brown & Co., Ltd. 
Material received July 30, 1020 



1. 

2 

8. 

Test No,. 

1201 



Identification marks 

UJ51 



Gauge length. 

2" 


. . : 

Dimensions of lest piece 

0-603" (limn. 



Ci'OKs-Hcctionul area of test pieco . 

0-2180 sq. in. 

■ 


Yield load. 

Yield stress. 

3-4 tons 

3.4/0*2480 

13*7 tims/sq, in. 

Maximum load .... 

0-67 tons 

■0-B7/0-248D 

Ultimata HlrcHs .... 



20-10 toas/sq, in. 

Hlongulion. 

Distance of fracture from gauge 

0-07' 

| !■»• 

(0*07/2) x 100 

33-5 per cent 

mark 


* ' 

Dimensions at fracture . 

0-3D0" ilium. 




0-1225 sq. in. 

•2480- -1225 



•2481) 


Heduofioii of area at fracture 


, , 

fiO-8 percent 

Honmrka ...... 

•• 

•• 

/ .Slightly liiriilimtod 
\ friinluro 


Jt will bo noted that, with the exception of the original area, llm observed values are Riven In column I and 
the calculated llRiires in column 3. Tills mctluid slaiplillcs the typing of the report as rIvcii in /''iff. 53, 


§ (2(1) Forms or Tknhh.h Test .Bars.—I t is 
shown by experiment that tlio form of the 
tensile test piece 1ms an influence on both the 
elongation and the strength. 

The elongation with ordinary test burn is 
measured on a gauge length of uniform 
section. The effect of the enlarged ends is 
to reduce tlio local drawing-out of tlio material. 
The parallel part of the tost piece is therefore 1 
always made sommvlmt greater than that on 
which the elongation is measured. If tlio 
length of the parallel section is reduced so 
os to form an abrupt change in cross-section of 


breaking load, whilo with a ductile material 
tlio suppression of the local drawing-out 
gives an increased tensile stress. 

Tlio iniluoneo of Urn gauge length on the 
percentage elongation has boon dismisses! in 

§ (17). 

Oil account of tho considerations stilled 
above, it is essontial that definite types of 
specimen should ho specified for eommereiid 
tests, in which the results of tho tests 
decide whether tho material is to he ac¬ 
cepted. 

Ah a result- of the work of Barbu, tlio 1'Yinieh 
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Commission recommends tho adoption of the 
relation 

L* = 06*67 A 

or L-7-2D for circular specimens, 
where L = thc gauge length, 

A—area of cross-section, 

,D = diameter of the test bar. 

The German Commission reeotnmonda the 
nao of the relation 
L = 11-.WA 

or L = 10l) for circular specimona. 

'Thus while, with a test piece 10 mm. 
diameter, a gauge length of 72 mm. is recom¬ 
mended in Franco, a length of 100 mm. is 
adopted in Germany. 

Owing to the praetieal difficulties in the 
way of adopting a varying gauge length for 
different cross-sections of test picco cut from 
plates and other rolled sections, lixed standards 
for cylindrical anil ilat specimens have been 



B.B.S.A. Standard Sizes of Tost Plates for Plates 



Radius r should be ni Inryo ns Is consistent with 
the oilier dimensions. 


x Those ara D.E.S.A, Tost Plcoos 
Standard Forms of Cylindrical Test Uars 

Fid. 64. 

prescribed by the American Society for 
Testing Materials (A.S.T.M.) and the British 
Engineering Standards Association (B.E.S.A.). 

Tho sizes selected by tho B.E.S.A. aro givon 
in Fig. 64. 'L'iioao adopted for cylindrical test 
bars of forgings (Fig. 64) approximately 
satisfy tho law of similarity, whoro 

L=4n/A, 


was published. A standard width of 2 inches 
was used for convenience in milling; this gave 
a cross-sectional area varying with different 
thicknesses of plate, and thus disregarded tho 
effect of tho cross-sectional area on tho per¬ 
centage elongation. 

In order to ovcrcomo this difficulty tho 
B.E.S.A. standardised test bars having a fixed 
gauge length of 8 in. and a width varying with 
tho thickness of tho plate. In order to lessen 
tho cost of production, three widths only were 
chosen, viz.: 


Thickness nt 
Plate. 
Inches. 

Width of Test 
llnr. 

Inches. 

OnuKo Length. 
Inches. 

Under 2 

2J 

8 

2 l 

2 

X 

Over l- 

H 

8 


§ (27) ENr.Auoicn Ends of Tkst Pibokh, 
(i.) Tensile. Tests. — The design of tho enlarged 
ends of test pieces requires euro in order to he 
sure of satisfactory results, It bus already 
been stated that axial alignment of tho test 
piece is necessary for iicoiirato work and that 
this is best attained by tho use of spherically 
scaled holdors. 

For brittle materials it is essential that the 
transition from tho parallel part of the test 
picco to tho enlarged ends is gradual, and that 
any part of the enlarged ends which is screwed, 
or otherwise lias a sharp corner, is sulliciently 
largo to prevent fracture at that place. Forms 
of ends for turned l est pieces of east materials 
are given in Fig. 66. 

Test pieces may ho tapered inside tho gauge 
length towards the centre, to an amount not 
oxoooding 0-008 in. for turned lest pieces 
and 0 01 in. for shoots or plates, in order 
to induco fracture near the contre of the gauge 
length. If this is done the middle half of the 
gauge longth of tho tost picco should be parallel. 

(ii.) Compression Tests on Metals ,—With the 
more plastic metals there ia no well-defined 
point of break-down under compression, and it 


3 1 '"Radius 



Test Piece for Screwed Grips l>cr * 


viz. : 


Diameter. 

Indies. 

Aren in 

Sq. Indies. 

Online Length. 
Indies. 

omit 

0-260 

2 

0-71)8 

0-600 

3 

0-077 

0-760 



For plates, both 10-inch and 8-inch gauge 
lengths were in nso before the B.E.S.A. standard 



Test Piece for Wcilgo Grips 
Fill. 65. 

is usual to record tho compressive strength 
at a given unit of deformation. Tho values 
which are obtained in this way aro only 
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comparative and do not give results which enn 
ho UHfid as a basis for calculating sizes of 
structures. 

Willi brittle materials tho ultimate) stress 
can ho obtained with precision, and tho 
results aro of value for calculating sizes of 
compression members. 

Tor metals the test piece is usually ft 
cylinder whoso ratio of longtii to diameter is 
two. 

it is important, especially with brittle 
materials, that ft spherical seated shackle 
should ho provided in order to adjust for 
inaccuracy of the parallelism of tho shackles. 
A form of shackle is shown in Fig. 39. Caro 
should bo exercised to ensuro that tho pressure 
is applied axially. 

§ (28) Quality Factor.—V arious empirical 
means of estimating tho quality of tho material 
from tho results of the tensile test lmvo been 
suggested, 'They oombiuo the tensile strength 
with either tho percentage of elongation or 
percentage contraction of area nt fracture. 
Tho only factor which has been used to any 
largo oxteut in this country is a modification 
of one suggested by Wohler: 

Wohler’s quality factor f’. 
and tho modified factor=?>-I fi, 
where p ^ tensile strength, 

a - per cent elongation, 
c = por cent contraction of area. 

A quality factor must bo used with care, 
hearing in mind tho use to which tho material 
is to ho put. 

)} (2D) Bund Tissts.—A rough workshop tost 
of tho ductility of metals is given by tho bond 
tests of various types which aro now in common 
uho. Tho test is nmdo by bending a piece of tho 
material either by steady pressure or hammer¬ 
ing, tho former giving tho more concordant 
results, until an angle of 180° is reached or 
previous rupture takes place. .In tho latter 
case the angle is noted at which fracture occurs 
on tlic outsido of tho bend. A largo amount 
of experimental work has been carried out by 
Mr. Bernard Firth, 1 but tho lest has not been 
so carefully standardised ns the tensile lest. 

The test is also used for ascertaining the 
effect of punching and drilling on tho ductility, 
by using perforated plate specimens with the 
hole in the centre of the plate. Tho diameter of 
tho hole, as rocommended by Martens, should 
lie twice tho thickness of tho plate and the 
width of tho specimen flvo times its thickness. 

§ (HO) Kinds ok Bund Tkst.—T ho principal 
types of bond test in use are : 

(i.) Cold bond test (ns received). 

(ii.) Cold bend tost (annealed). 

(iii.) Quench bond test or temper bond test. 

(iv.) Hot bond tost. 

(v.) Nick bend tost. 

1 fust. Civ, liny, l’roc, civ. 251. 


(i.) Cold Bend Test .—This is the type which 
is most commonly used and is carried out at 
normal temperature. To test the ductility 
at low temporatiue tho test pieces arc some¬ 
times cooled artificially. 

(ii.) Annealed Bend Test — For tho annealed 
bowl test tho material is, previously to bonding, 
reheated to a temperature exceeding its upper 
critical range, followed by slow cooling. The 
steel is usually very had if it cracks after 
annealing. 

(iii.) The qne.neh bend lest is used for determin¬ 
ing tho effect of alternations of high and low 
temperature on the ductility on such materials 
as boiler-rivet steel and slay-bolt iron. Before 
applying tho bend test tho material is honied 
to blond - rod and plunged into water at a 
temperature of 80° li 1 . Tho colour In judged 
indoors in tho shade. 

(iv.) The hot bending test is specified to detect 
red shortness 
or high sul¬ 
phur content. 

Tho material 
is bent while 
at n tompera- 
turo of about 
000 to 1000° 

c. 

(v.) The 
nicked bend 
test is in¬ 
tended to 
show whether 
tho material 
has a crystal¬ 
line or fibrous 
r t ru e tu ro. 

Tho test piece Fro. r> 0 . 

is nicked nil 

round, boforo bonding, with a tool having a 
cutting angle i>r (50°. The depth of the notch 
is 8-10 por cent of tho diameter of tho test 
piece. The tost piceo should lie placed so that 
tho bond oeours with the minimum depth. 

§ (31) Forms ok Srkoimk.n.s for Bund 
Tksts and Mictiiod ok Tushno.—R ods aro 
usually tested without machining. Flutes 
should ho planed at the sides after shearing, 
and tho comers rounded with a file, otherwise 
cracks may start at tho corners duo to the 
shearing process having weakened tho metal. 
With plates over one inch thick it is especially 
important that this precaution should ho 
taken, 

It is usual to bend bars, unless otherwise 
specified, round a mandrel of a radius equal 
to tho diameter or thickness of tho bar. 

A cold bonding apparatus is shown in Fig, GO, 
in which a steady pressure is applied during 
the test. Tho lower plate A rests on tho 
tablo of tho testing machine while tho upper 
tool B is hold in place in tho pulling head by 
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drift (taper 1 in 10) until cracking occurs 
or a definite increaso in diameter is reached. 
The hole is usually £ inch diameter and I J 
inch from the; edge of the plate. 

The following table gives comparative 
figures for various sizes of plate: 

'J'aih.k fi 


Material. 

Thick¬ 

ness. 

Inches. 

Original Size 
of Hole, in 
.1 nehes. 

Kularged Size 
of Hole before 
(.’racking, 

In Inches. 

Wrought \ 
iron I 

0'2() 

OtWfi 

1 -00 


(k>i; 

((■<12:1 

]-20 


O-Ull 

0-I82H 

1 -32 

Mild steel 

0-30 

oi) 2 r> 

i r>o 


§ (3T») Kam.inu VVkkuit Trst (called “drop 
tost” in U.iS.A.).—The falling weight test is 
considered to ho a most useful test for rails 
and is given a prominent place in rail speci¬ 
fications. It is made liy placing a piece of I ho 
rail 4 to (> ft. long on supports !( ft. apart and 
dropping a heavy liammer, through varying 
distances, on to it at the mid-point of the 


fall, radius of striking faces and supports, and 
form of*foundation must ho specified. Timm 
is a difference of opinion however on this point, 
more especially in regard to the foundation of 
the muohino. 

Particular of the standard machines usually 
adopted in the United States of America and 
in (treat Britain are given in Table ti. 

The atmospheric temperature is usually 
reported, and due allowance is made for rails 
tested at or below 0° ('. 

The falling weight test is also applied to 
tyres and axles, For tyres a weight of 2210 lbs. 
is allowed to fall freely from 10, 1/5, 20 ft., and 
upwards on the tread ; tho tyro being placed 
in its running position upon a heavy east-iron 
anvil supported by a rigid concrete foundation. 
Tho tyro must deflect a given amount without 
fracture. 

If d — internal diameter of tyre, us rolled, 
in inches, 

l- thickness of tho centre of the tread, 
as rolled, in inches, 

dell cation m 

where— a constant depending on the breaking 
stress of the material (see Table 7). 


T.uii.n i) 



It.S.A. 

Ilrlhlsli. 

Falling weight .... 

Of east iron with steel striking die 
having a radius of striking fane 
of fi in.and length of fuecof 12 in. 
Total weight 20(10 lbs. 

Ot cast, iron with she] striking 
face having a radian of 5 in. 

Weight 2210 lbs. 

Anvil. 

Solid iron casting 15 in. thick and 
weighing 20,000 |ltn. 

Weight 2(1,880 lbs., area of huso 
‘Hi s'|. ft. 

kou u< la 1 hni. 

Anvil supported on lit) springs 
arranged in groups of live at each 
corner. The springs uro sup¬ 
ported by a cast-iron baiir-plato 
which Is hulled to u substructure 
with a timber llonr in between. 
The floor to he 18 in. longer than 
tho Imse-pluto. 

Anvil supported direct on 25 
Ions of concrete having an 
area of 100 sip ft. No timber 
or springs between the test 
piece and foil n< In thin. 

Supports for teal piece (anvil dies) 

Pieces of steel having a cylindrical 
hearing surface of fr in. 

Steel hearers having a Indian 
of 3 in. 

UcleaiMi. 

A t ripping device. 

No nidoiimtic rclemic allowed. 


span. Tho results show if the rail is hriUlc and 
tho detlection gives a measure of the ductility, 
1\ II. Dudley 1 of U.IS.A. nays: “Tlu»phyaical 
properties of different sections can 1st com¬ 
pared and their chemical compositions adjusted 
from the results obtained on the standard 
droii-testing machine," 

Tlio results are comparative only when 
oarried out under tho same conditions. 

ft is generally recognised that the weight 
of tup, distance apart of supports, height of 
1 I’m. Amer, Hue, Test. Mill., I01W, x. 


T.ini i; 7 


Value of e. 

Itreaklnu Sirens In Tons 


persons re Inch. 

■IK 

‘12-18 

fit) 

50.55 

(Hi 

fill-112 


§ (11(1) Dane Tour op Trims.—Tyres uro 
nuhjeeted to a drop test, as well as to a fall¬ 
ing weight test. Tho tyre is allowed to drop 
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freely, in n L'unning position from u speoilicd 
height, upon n rail fastened to nn iron block 
of not Iohs than two tons weight. Tho tyro 
is limn turned through 1)0° and dropped a 
second time. 'I'lio height of fall depends upon 
tho diameter of the tyro (sec Table 8). 

T,\ m.a 8 


Height, of l-’all In 
Fed. 

Internal 1 llmneter of Tyre 

In Fret. 

fj 

Up to :u 

4 

HI to 44 

TJ 

■It to r>i 

3 

fit lo (U 

2* 

Over (U 


§ (37) Thstinu Oast Ikon, (i.) Transverse 
Test ,—Owing to tho ease with whioh it can lie 
earried out tho trims verso, or cims-brcakiug 
test, 1ms lioon universally adopted as tho 
standard for east iron. Tho test is carried out 


TAiir.ii l) 

I’Aunoui.Aiis iiv SrANiiAiii) Test Ha ns 
van Oast Iron 



('huffish 

American 

(tcnnnn 


Standard. 

Standard. 

Standard. 

Cross-scot ionof f 
bar in inches \ 

1" wide | 
2" deep / 

H* (liam. 

1 iV dlnni. 

Longth of bar \ 
in inches | 

-10 

Iff 

26,} 

Span in inches. 

30 

12 

23''02 

How oast . 

On edge 

Vorlionlly 

11 ori/.ontnlly 


by breaking tho test bar as a beam loaded 
centrally. The strength is moasurod by (bo 
contra load ivliioh tbo bar will carry. Tho 


J > ii I- 


in order to obtain comparative result-H 
unfortunately tho standards whioh nr« i ' 1 
in various countries arc different. Part'-** ‘ 11 * 11 
are given in Tabic 9. 

The general experience, in casting 1>n ,,rf 1 ’ 
the various standards in use, is that l ' 1 

a little moi-o difficulty in obtaining n ,>1llK 
bars cast to the English section than i* 1 l ln» 
ease of either tho American or German 1 m- rr4 - 

Machined liars are generally woaUoi* ^1 ,M 11 
iinmachined specimens. 1 

If W is the central load, L tho span, > / * bln' 
modulus of tho section, and / the Hbro-H** 1,1 
the bar. 

Thou within tho elastio limit. 


WL 

4" 


“/ x Z, or/ 


WI 
<1 


x 


I 

v: 


Above tbo elastic limit the stress cult'll 
from tho formula varies for tho same unit«'J'iid 
with the form of the section, but if tho 1 j t'< m Ic¬ 
ing load W fc is substituted for W, n vulne 
of / is obtained whioh is a measure of Tli< ! 
(piality of tho material for bars of Hinnhn 1 
section, and i-s called tho modulus of rii] 

Cl. Hftilston, 3 in 1914, as a result of u Hol ies 
of experiments on oust iron whon toHl.o»* • O’ 
cross breaking, finds that whereas this r*itu> 
of tho breaking loads for 1x2x30" (span) 
and 1x1x12" (span) beams is KUlil if 111 *’ 
formula W x L/4 —f r A is taken as applying u )» to 
tho point of rupture, tho actual valuo is I. ■ I if 
tho pieces are machined, and 1*14(1 when I c'Mtcil 
with tho skin left on. He further fine I m I lint 
tho best test bar to givo tho most coiiHistruil 
and comparable results, both with liron hing 
load and dedication, is 2J x 1$ x42" east on 
the Hut and machined down to 2 x 1" and limtoil 


Taht.n 10 

A Compauison of Tin: Rksui.ts ox finny Cast Iron 
>8Iii nviug decrease of tho modulus of rupture us t he span increases 


Silicon, 

I'erConl. 

Span. 

Indies. 

Menu Centro 
bead. 

J.b.S. 

Modulus of 
Rupture. 
Lbf../Si£. In. 

8w, 

Tensile.Strength. 
Lbs./St], In. 

S(. 

«... 

Hi 


12 

3000 

47,100 

) 

1H 1 

143 

18 

1035 

45,000 

V 25,000 

I-7K 


24 

1425 

44,700 

1 

1*717 


12 

2000 

45,500 

] 

1 *K7 

20 

18 

1835 

43,200 

V 24,370 

I-7K 


24 

1205 

30,700 

J 

1 (i.J 

f 

12 

2880 

45,200 

1 

i *h:i 

2-C 

18 

1005 

44,000 

V 24,000 

i-8a 


24 

1400 

44,000 

J 

1-78 


(lolledion is also usually specified because, 
when taken in conjunction with the load, it 
gives an approximate) measure of tho tough¬ 
ness of the east iron, ft is essential that tho 
form of the test bar should ho standardised 


on a span of 30 in. Tho rtito of testing Hlioii Id 
not exceed 11.2 lbs. in loss than 15 serum tin. 

' Scgmido and Robinson, fast. Oiv. Thty. / 'rttc., 
Ixxxvl. 218 . 

> Iron and Steel Insl. Journ., LOJ-l. 
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The results in '.I'libki 10 of tests oil grey 
uasfc iron l»y Mathews 1 show that tho modulus 
of nipturo decreases as the span iiiorouscs ; 
tho eriiss-Heolion being eicmilai' {1 .j in. ilium.) 
and kept constant. 

'liable II, compiled from figures recorded by 
J. R Steiul, 2 gives a comparison of results 


'L'ho following observations have been 
recorded us the result of careful experiment: 

(1) Square liars, in general, exhibit a slightly 
higher modulus of nipturo than round bars of 
cquul area. Tests by a committee of tho 
American Society of Mechanical Engineers 3 
give nil average of about 5 per cent higher. 


Taiii.14 11 

lixmUMKNTS ON 'L’ltANSVKUSH StRI-IKUTII 
CompariHOii of tents on English, (lorninn, inul American Standard bars 


Description. 

Dimensions. 

Span. 

Moan Centro 
Load. 

Ll>s. 

DollectUm. 

Modulus of Rupture. 

.! tii-hes. 

1 no lies. 

1 nc) irs. 

hi. 

Tons/Kri.lai 

English .Standard— 
Cast nil Hilt . ■ 

H)7 x i -1)8 

30 

2840 

o-:m 

30,501) 

Hi -3 

Orman Standard- 
Cftflt horizontal 

lid ilia.nl. 

23-02 

1210 

0-32 

40.2(H) 

22-0 

A morion n fSlmulunl— 
Cast vertical . 

1-24 diam. 

12 

3230 

0-11 

51,800 

23-1 

English .Standsril— 
Cast «m edge 

1 02x2-04 

30 

3370 

0-40 

42,1)00 

10-2 

flcrman Standard—• 
Oast horizontal 

1-23 ilium. 

23'02 

10*10 

0-30 

53,700 

24-0 

American Slnmliml— 
Cast vertical . . 

1 -25 dimn. 

12 

3380 

0-135 

52,300 

23-3 


obtained on British, American, and Uennim 
standard liars. His conclusion is that it is 
desirable that tiny bar for testing for delicti lion 
by transverse stress should not lie less than 
24 in. long, as, with shorter bars Hum this, it 
is vory difllciilt to ineuHimi to the required 
degree of accuracy oxeept with very delicate 
measuring instruments. 

In commercial work a dedeetometer of the 
typo shown in Fig. (10 is 
generally uhuiI. It consists 
of a cast - iron base the 
bottom of which is care¬ 
fully pinned. This bnso 
Scrt/cH | 1 carries a siuilo along which 
u, lover moves a vernier 
reading to 0-001 in. Tho 

Sliding 
l/onilor 


(2) liars cast horizontally nra strongest when 
the load is applied against the cope face. 

(3) Rough bare are stronger than planed 
bars. 1 

(•1) 'rumbling in a rattler increases the hard* 
ness of the skin and therefore improves the 
strength. 

(5) Bara run with hot metal are weaker and 
deflect more than liars run with dull iiiolul/ 1 

(fi) Tapping a bar with a hummer during 
test reduces its strength. 6 

(7) For bars of tho sumo proportions, 
tho modulus of rupture is lower an the 
scotiim is larger. 0 


Plunger^ 



fll-! 

frrta Adjusting 
-UJ.-, 1SV Sorauf 


Cast Iron Qaao 


Fia. oo. 


adjusting scrow of the lover is arranged under 
the transverse tool so as not to bo affected 
liy tho breaking of the specimen. A simple 
arrangement which is sometimes adopted is 
to use a Brown and Sharp lathe indicator 
undor tho transverse tool at the eentro of 
tho beam. 


1 1‘roc. Amcr. Soc. Test. Mill. x. 201). 
s Proc. hit. Assoc, Test. Mat., 1012, vi. 1. 


(8) A wide bar gives a higher, and a deep 
bar a lower modulus of rupture. 8 
With tho English standard test pieces 


3 '/Vans. Avict. Soc. At coll. liny. xvl. E>-13 and 111(1(1, 

V i ‘Segu'mlo ami .Robinson, Tmt, Civ. lino. Froe. 

X * X Jlili«r%»sf. Civ. Jitiff. P/oc. lvill. 222. 

• Unwin, Testing of Materials of Construction, 1010 
■d., p. 291. 
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(1" wide, 2" deep, 42' long, amt««* span) the 
strength of east iron is usually specified by its 
breaking load in ewts., figures of 18, 28, and 
38 (ewts.) corresponding to poor, fair, and 
good cast iron. A usual specification is that 
the east iron shall sustain a load of 30 cwls. nt 
the centra with a dolleclion of not less than 

2- in. 

A form of report which is suitable for 
transverse tests is given in Fig, Cl. It 


east iron to emmro that tho jn,l| j H UH 

this material is greatly weakened by 

or occcntrio loading. * For aueuiutn t 

shackles with spherical seats should *>•’ c,n “ 

ployed (see Figs. 33 and 34), flit’ 

bar should bo cast in one with fcho w orU tin-1 

turned to a suitable size, earo boing 

avoid rapid changes of section near f !■<’ I mr< 

of tho specimen under test. 

Tho sizo of tho hat- from which !:!»<» irHt ' 


Transverse tests of Materials carried out on. . 

Su W ,licd l> y.for whom tho tests w Vw rnrid.- 


ill 


1 Unions ions. 


II 


Order No. 
Reference. 
Tested by 


Dnflt&lUin nt centre in Indus. 


]’I0. 01. 


3S 


|| 

Q o 

& 


Hoiiinrlci 


Director. 

Date. 


enables tho salient points of tho results to 
bo seen at a glanoo, and moots all ordinary oases 
on tho testing of oast iron. 

_ ('■•) EJfecl of Temperature on the Tranwerae 
Strength of Cad Iron ,—Cast iron loses very 
littlo of its strength or toughness up to a 
tomperataro of -100" C. The following sots of 
experimental results by Moyer* show tin's 
vory clearly. 

Tadi.b 12 


Erruor or Ti-iMrrcitAruiu-; o:r tub Si'iiuuoTir 
or (,’akt Ikon 


Tempi-mtura. 

“ V. 

jlllltllllllH (if 
Rupture. 
Tons/.Sq. In. 

Mnxlmuni 

Delloollon. 

Inches, 

18 

28-5 

0-31 

lifl 

22-2 

0-30 

2(i8 

■ 211 

0-28 

207 

19'9 

0-30 

820 

12-1 

0-fit 

807 

7-0 

0-04 

18 

23-0 

0-30 

88 

21-0 

0-28 

Jnli 

21-3 

0-28 

370 

21-0 

0-30 

r>no ' 

1(1-0 

0-57 

810 

(1-2 

_ . °'™ J 


§(38) Tunsimc Sthknotii or Oast Ikon.— 
It is important when making tensile teats on 


Stahl uml Kitten, xvvi. 1270-71. 


pieco is taken affects tho results olil.u iruul, 
bars of larger Motion giving, as a rulo, lownr 
1 results. 

Tables 13 and 11 givo results retain I cr< t li,v 
J. E. Stead 2 on test pieces pro pared f ri nil 
bars of various sizes which have boon east in 
dilroront ways. 

Tablo 10 gives results obtained by jMnihawa :i 
on cast iron containing various limwiihun-u ..f 
silicon. 

A comparison between tho nmriuhm <»f 
1 rnptura and tho tensile strength is pivoii in 
Tablo It). 

, § <3°) CIIUSIIINO Stubnotii op Oast hu > - 

The crushing strength of east iron is obi nitkiul 
on cylinders or prisms in which tho m l i« > oT 
the height to tho least lateral dimension J H 
botweon ono and three. 

Tho crushing strength is usually about ilvn 
times the ultimato tensilo stress, anil Hiunnles 
of bad, good, and vory good east iron slum M 
give a crushing stress of 30, 40, and BO i, m „ 
per square inch respectively. 

§ (10) Resistance op Cast Ikon to T)i 
bUEAIl AND ToitSIONAL SHEAR.—As tllO 
Of experiments in direct shear by Platt arid 
Hayward Ht was thought that tho flhnnrtnt' 
strength of cast iron was about five to six tt uni 
P° r sqiiftro inch. Izod, 6 howovor, by u H iii K 


Proc. Ini. Assoc. Test. Mat., 1912, vl. 4. 
4 r!,°f'n™ e b ,So ^ Te * 1 - MUL X. ‘290. 

. ! r nsL - Oiv. Eng. Proc. xc. 882. 

Inst, Mech. Eng. Proc., Jan. 1000, 
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more perfect apparatus, hast obtained much 
hit>!ior figures, and these are confirmed by 
Coodnifin, The results of these tests, together 
with the figures obtained from gun-metal and 


giving a lower result in shear than in 
tension. 

Fremont is of opinion that the shear test 
gives a very useful indication of the quality 


'J'.vm.K 13 

Tensile Tests on Cast Iron 
Teat pieces 0-798 in. diameter, O-.’iOO hij. in. area 


Description. 

No. of 
Tests. 

Ultimate 
•Stress. 
Tons/Sq. In. 

Average per cent 
Variation from 
Average. 

Remarks, 

Cast nil (int in bam 2x1" 

4 

11-2 

1-3 



Cast horizontally (1-187" dinmclcr) 

4 

12-2 

1-8 


All teat pieoes turned. 

Cast vertically (1J* diamolor) 

4 

12-2 

1-8 

, 



Tabt.b 14 

Tensile Tests on Cast Iron 
Test pieces 0-798'' diameter, 0-500 sij. in. area 


Description. 

No. of 
Tests. 

Ultimate 
Stress. 
Tons/Sq.) n. 

Average. |xjr cent 
Variation from 
Average. 

Remarks. 

Cast horizontally ns a tost bar (1J" 
diameter) 


13-0 

0-9 

Tested with skin on. 

Cast horizontally (1-187" diameter) 

0 

134 

3-2 

Turned lo 0-798" diameter. 

Cast vortionlly (1-187" diamolor) . 

0 

13-3 

1-8 

Turned to 0-798"diamolor. 


Only test pieces which broke with a sound frncturo are Included in Tallies l!) and 11. 


Taiilk 1.1 

Comparison of Modulus or Rupture and Tensile Strength of Cast Ikon 


......... 

Modulus of Rupture. 

Ultimate Tensile Stress. 
Tons/Sq, In. 

15. 

Ratio. 

A/H. . 

Typo of Test liar ami Authority. 

Tons/Sq. 111. 

A. 

( 

210 

11-4 

1-84 

American Standard (Alathews) 

20-3 

10-9 

1-80 

1 

20-2 

Il-O 

1-84 

American Standard (Stead) . . ^ 

English Standard (Stead) . . | 

23-1 

12-2 

1 80 

23-3 

13-3 

1-72 

19-3 

11-2 

I-10 

19-2 

13-0 

1-38 


22-0 

12-2 

1-80 

German Standard (Stead) . . j 

2-i-O 

134 

1-79 


mild steel, for comparison, are given in 
Tablo 1(3. 

Tho point of interest in Table 10 is the fact 
that tho shearing strength of cast iron is 
higher than tho ultimate) tensile strength. 
Goodman Bays that, with the exception of 
specimens which are defective on account of 
blowholes or sponginess, ho lias novel- had a 
single instance of a specimen of east iron 


of cast iron if tho Hamplo tested truly represents 
tho material of tho casting. Me lias devised 
a special test for this purpose. 1 A small pieco 
of tho actual casting, 25 mm, diameters and 
20 mm. long, is detached by a trepanning tool. 
The specimen is placed within a block holding 
a fixed blade, and is cut by a movablo blade 
which is forcjxl into the specimen by a weight, 
1 Fremont, Comities Iteiulus, Dec. 9, 1918, 
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acting on a lever. Tlio force of rupturo is 
estimated from the weight and leverage. Since 
the diameter of the hole bored in the casting 
is only about 1£ in. diameter the easting 
is not spoiled by this method of procedure. 

Under torsional shear a round bar of east 
iron invariably fractures along n helix whoso 
angle is 45°, that is to say, it occurs whero tho 
tensile stress is a maximum, and indicates 
that cast iron has a lower resistance to tension 
than to shearing. Tins conclusion confirms 


(»'■) Thi Effect of Perforation on the. Sit e 
of Mihl Steel Plates ,—In tho dinom+Hi* **' 
a paper by W. Hackney before tho lim* ' 
of Civil Engineers, St nun oyer 1 doseri 
peri incuts carried out to dotormino 1.11 c ^ «-* 
of perforation on the tensile atrcriK 1 * l 
elongation of boiler plates, Tho fomii* < > f 
bars that ho used aro given in Pig. (13 j x i i <1 
results are given in Table 17. 

Tho test pieces aro all out fyo m O no V 1 
of plate 12 mm. (/) thick, and tho in>fo« 


Taiu-b 16 

SirKAitiNo Tests on Cast Ikon 



Ultimate 

Ultimate 


Calculated 

"-- 

Material. 

Tensile Stress. 
K/. 

Shear Stress. 
F.. 

Id 

W 

Coefficient of 
Torsional 

Anthoj-liy. 


Tons/Sq. In. 

Tons/Sq. In. 

Strength. 
Tons/Sq. In. 

Cnst iron A 

9-7 

14-8 

1 '52 



„ „ B . . 

13-4 

17-4 

1-11 



„ „ C . . 

11-3 

130 

1*22 


r Izod 

>i » l^i 

13-7 

101 

M0 


.. .. D 2 . . 

13 5 

14-8 

M0 


) 


10'0 

12-9 

148 


j Goncbnnn 

Izod 

1 

ii-c 

130 

M3 

10-0 

Qunmetal . . . j 

12-1 

12-4 

125 

174 

103 

140 

\ 

13-8 

lfl-0 

140 

210 

1 Goodman 

Mild steel . . .{ 

20-0 

21-0 

0'78 


X 

23-0 

18-0 

081 

’ 

Goodman 


tho direct shear results of Izod and Goodman. 
A typical torsion fracture is shown in Fig. 62. 



Ida. 02 . 


§ (41) Influence of Form on the Proper- 
ties of Materials. —An abrupt ohango in 
tho cross-section of a tensile or tmnsvorso test 
bar causes: 

(a) A diminution of the olonyation at tho 
reduced section due to the shoulders of the 
notch or groove. 

(b) The stress to ho highly concentrated at 
the periphery of tho groovo or notch. 

There are thus two effects—the suppression 
of tho drawing out of tho material causes a 
gain of strength, while tho inequality of tho 
stress on the section of fraoturo gives a re¬ 
duction in strength. 

With, a brittle material, e.g. oast iron, tho 
elongation is negligiblo, and in consequcnco 
the effect of a groovo is to oauso a reduction 
of strength. On tho contrary, a grooved mild 
steel test piece is stronger than a plain bar of 
the saiiio material, because tho suppression of 
the drawing out onuses an increase in strength 
M’Jneh is greater than the effcot duo to con¬ 
centration of stress at tho groove acting in 
tho opposite direction. 


nil 24 mm. (rl) diameter. The width {ft) vni 
m different bars from 7-0 to 54-0 nun. 

<*'•) Strength of Screwed Holts .—Thu rt-Mii 
of somo tensile touts on four different !;i»n Ih 




p>4 j 

! 1 
O 



Ida. 03. 


scrow threads, made by tho author, am p»i v < 
in Table 18, Tho threads selected wore : 


(.1) British Standard Fine. 

(2) British Standard Whitworth. 

(3) Rollers Thread. 

(4) U.S.A. 00° Sharp Voo Thread, 


Four materials were used, rangi 111 * - j 
ultimate stress from 24*0 to 52'7 ton*’ i>, 
squaro inch. Tho bolts wovo § in, <j i4 

1 Proc. Inst, Cir. Eng., 1884, Jxxvi. 142. 
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motor mul worn all machined from 1J-in. ilia- 
motor bar. 

(I'i'om tlio results in Tablo 18 it is seen that 
for stool up to 40 tons per squaro inch tlio 


those screwed with H.S.W. thread, are weaker 
than the plain bar. 

Marlons 1 lias carried out similar tests on 
1-in. and 1-in. holts, using steels of 27-7 


Table 17 


Strength of Perforated Plates 


Form. 

Dimensions. 

Palin. 

b 

d' 

Elongation per cent. 

Ultimate Stress. 
Kilns per sq. mm. 

Width. 
b nun. 

Thickness. 
t nun. 

Of Hole. 

In 50 mm. 

In 2()0 mm. 

A 

3!) 

12 




25} 

4-10 


1) 

40-8 

12 

I h-l 

CO 

2G 


47 4 



31-8 

18-0 

12 

12 

1-32 

0'7o 

•10 

27.1 

18 

14 


480 

47-7 

Mean 47 >8 


12-5 

12 

0'fi2 

21 

12 


48-0, 


0 

04-0 

12 

2-25 

64 

28 


46'G> 



■14 0 

12 

1-83 

60 

2G 


47-0 



34-0 

12 

1-42 

■1G 

22 


45-8 



28-1 

12 

118 

411 

22 


43-0 

■Mean 45-7 


23 4i 

12 

04)7 

37} 

20 


-18 -8 


18-0 

12 

0-77 

33} 

1G 


45-2 



130 

12 

0-54 

25 

14 


45'6 



7-0 

12 

. 

0'32 

21 

10 


45-1; 



Table 18 


Tensile Tests on |-incji Diam. Screw Holts 



Material. 

A. 

Material. 

B. 

• Material. 

(!. 

Material, 

1). 

Tensile. Test on Material — 

Yiold stress . 

15'0 

17-0 

236 

2 3 0 

Ultimate stress .... 

24'0 

20-5 

40-3 

52'7 

Per cent of extension L/ \ / A-=4 

41 0 

390 

28 0 

19-0 

llrltisli Standard Fine Thread 
(Root diam. =•0-3333 in.)— 

Yield stress. 

17-8 

20-1 

21-7 

20-7 

Ultimate stress .... 

20-3 

33-8 

4G-G 

48’0 

British .Standard Whitworth 
(Root diam. =0’508(i in.)— 

Yield HtresB. 

184) 

20-4 

2G'0 

2G'0 

Ultimate Stress .... 

27-0 

310 

■15-0 

0-4-0 

Sellers Thread 
(Root dinni. **0-6000 in.)— 

Yield stress. 

104) 

21-0 

26-6 

2G-G 

Ultimate stress .... 

2G-8 

34-7 

44-9 

GUO 

U.S.A. Sharp G0° Vcn Thread 
(Root diam. — 0■ 41)5 in.)— 

Yield stress ..... 

17-7 

213 

2G'5 

25'0 

Ultimate stress .... 

28'2 

36-3 

47-1 

4:7-1 


Note. —(1) Stresses are given In tons per square Inch. (2) For tests oil threads, the men for calculating 
tlio stress Is taken ns that at the bottom of the thread. 


strength (per square inch of section takon nt 
the bottom of the thread) is greater for the 
bolts than for the plain bar, but that for the 
53-ton sleol the bolls, with the exception of 


and 23-9 tons por square inch respectively, 
llis conclusions are as follows : 

(1) Screw threads subjected to plain tension 
1 Zeits. Vereines Dcutsch. Ing„ April 27, 1800. 
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arc stronger than plain bum of tho same not 
cross-sectional area, tho excess of strength 
being approximately 14 per cent. 

{-) There is no mnrked dilforcnco in the 
nlLimato strength with different forms of 
threads—the sharp thread is sliglilly stronger 
than l lio olhurs. 

{)!) Under repeated loads and impact it is 
probable that the sharp veo threads would 
develop cracks quicker than the other forms, 
and that tho Whitworth thread would ho the 
last to show this weakness, either with repeated 
loads using soft material or static loads with 
high carhon steel, 

The two sets of experiments, by different 
experimenters, described above are in agree¬ 
ment. It will bo seen that Martens’s sttpposi- 
tion with regard to the superiority of the 
B.8.W. thread with high carbon steels nndor 
static loads is shown by tho author’s tests to 
ho correct. 

With regard to Martens’s statement of the 
probable weakness of sharp veo threads under 


in tho same terms as ( )' 11 " , 
but always with higher „«* 

On the other hand, |f 
to find this diiWiirc * f 
tests gave fractures whi. 1 " 
appoamneo in the I w>. 
tions of similar burn ii.s,, r ’ 
(ii.) Effect of VariulioP " . 
Loading, —.Bausrliingis 1 < J> t 
complete set of expeiim. i' 1 ‘ 
of loading and showed ihi* 1 : 

(1) The effect on ih,. ,-.1 - ’ 1 * 
the rate of loading vain'* 4 
material employed, WiiM * ' 
was negligible,'«Idle win, 
eoppor, bronze, mid I.mss * r 

it was masked by tlill'nrn* ’' * 
the test bars. Km- |,, a ,| a' 1 ' 
marked inercaso in (he e\l * , ! 

(2) Tho ultimate „Ihm ' V ' 
groator when Mm extern 1 *‘ ’ 1 
when it was slow. 

Testa on iron and ute.l i"■ ‘" 


IsirAOT Tksts on Sohkw Tiihiiads 


Kind of Thread. 

Diameter nt Bottom 
of Thread, 
Inches. 

British standard fiuo (B.8.F.) . 


Sellers thread (oiiasing tool) 

0-830 

Sol lore thread (single pointed tool) , 

0-835 

British standard Whitworth thread . 

0-840 

U,>S.A. sharp veo thread 

0-780 


•Kt.-lbs. ulworliiM 
in (•'rael.iirc. 


2270 

1021 

1888 

2008 

1800 


4 I 


....[...wv, |., 1U iiiibjmi- niso eonnrm 

this conclusion, Tlio tests, of which the results 
mo given in Tablo 11), were niado on 1-in. 
bolls mid broken by a single blow, tlio energy 
absorbed in fmeture I wing measured. It will 
1)0 noted from ike table that tho sharp veo 
holts are the weakest of those tested and tho 
British standard threads tho strongest. 

§ (42) Imji'mjknuk of Timm on Tkst Rksui.ts. 
—General experience shows that elongation 
and contraction of urea are increased by very 
lapid loading, hut that within tho ordinary 
limits of timo occupied by a tensilo test to 
fracture, of most materials, tho mto of loading 
does not appear to luivo any offeot on these 
results. Tho results from various experi¬ 
menters, however, are not quite consistent. 

(i.) Effect of very llapid lAmding.— Maitland 1 
found that stool, broken in impact, gave 74 per 
cent more elongation than tho samo material 
broken in tho stutia tensilo testing machino. 

Blount, Kirkaldy, and iSankoy 2 concluded 
that tho impact tensilo test gave tho ductility 

IxxxIxTuo 1m °" t flUn Hteel ’” InsL Ci "' Eno - Vroc ' 

3 •‘ CoimiarlHon of Mothoils of Testing Steel.” 
Inst. Mcch. ling. Vroc., May 27, 1910. ’ 


mission des molliodei ,r|.;„ . «. 
show very little dillWom 
extension of theiilliiimlonliT - 
out in a few seconds or iimh *, 
Bottomloy, u however, v. J i- 

with soft iron wire, ... r * « 

contraction of area and i,.t 
less if the loads wore up*.It 
Ilis researches included u * 


Time tlio Load was 
allowed to remain <m 
tlio Wire. 


Ordinary teat in 10 
minutes 

24 hours at 43 lbs. . 
84 hours at 43 lbs. . 

2 months’ gradual 
loading from 40 lbs. 


a I 11 

I'M- f 11 i .* 

I.l> i , 

jld/.r.. , 

■hi'::.. 


'Hi'-;:, 


’ des 2>onts cl f/wnm.V*, | } 

' {”& CTp. Eng. Prop.. evli. i f , 

, oiBt/imcs d'essai ties vnilt'ri <- > . 
•. Article " Elasticity " In 
JirUanmea. 
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tho effect of time on tho breaking load of soft 
iron wire. Ho found that tins wire, if loaded 
to just below tho ordinary breaking load, in¬ 
creased in strength according to tho time the 
wiro was under this initial load. 

A summary of the results aro given in Table 

20 . 

IV". Measurino Instruments for the De¬ 
termination of the Elastic Constants 
of Metals 

In order to obtain information as to tho 
elastic constants of materials it is necessary 
t<> measure deformations wliilo theso materials 
arc being strained elastically. 

In commercial testing, where n measure of 
tho ductility only is required, tho final amount 
of deformation is all that is necessary. In a 
tonsilo test with a standard 2-in. gauge 
length and cross-sectional area of (125 sq. 
in., tho total olongation may ho 0-50 in., 
and as this can bo measured by tho aid of 
dividers to tho nearest r l v in. the accuracy 
of rending is 2 por cent. 

Using tho same size of test piece and gauge 
length, tho extension at llio elastic limit is of 
tho order of 0 002 in.,'no that for the samo 
portiontago accuracy the measurement must 
bo correct to 0-00004 in. ; tho smallness 
of this extension can he realised when it is 
considered that tho thickness of a piece of 
cigarette paper is about 0-001 in. With 
tho best types of mirror external merer, altera¬ 
tions of length can ha aoeimilely measured to 
•iV of tins amount, i.c. 0-000001 in. 

§ (43) EXTKNHOM ETKitH.—In any typo of 
strain-measuring apparatus there are certain 
general principles which it is advisable should 
be fulfilled, 

(i.) IE changes in length of the axis of the 
test bar arc to lie determined, measurements 
should be taken on opposite sides of the 
spedmou. Unwin 1 lias shown that, if this 
condition is not satisfied, initial curvature of 
tho bar will can so serious errors in tho 
results, but “ if the mean of measurements 
taken ut points Hyimneti-ienlly placed on 
either side of the bar is adopted, tho error 
duo to curvature is nearly eliminated, the 
lengthening of tho distance of one side 
being compensated by shortening on the 
either. ” 

(ii.) The Apparatus should he directly at¬ 
tached to tho test piece at llui gauge points 
only, and after tile initial sotting it should not 
bo miuossary to liaudio it during tho course of 
tho experiment. 

(ili.) Tho instrument should he ns light us 
possible, and designed so as to he rapidly 
attached to or detached from tho test piece 

1 “ Measuring limlra ninnta urnsl In Meehimlral 
Venting," 1‘hil. Mill/., March I8K7 ; l'hm. Hoc.- I’roc., 
1887, 
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without interfering with tho- application of (ho 
load. It is advisable that, if possible, :it should 
ho self-contained. 

(iv.) Tho instrument should bo arranged so 
that its accuracy can ho determined by a 
calibrating device, ami tho attachment to tlm 
tost piece should be such that tho gauge length 
is capable of determination with auUieienb 
accuracy. 

(v.) Tho mechanical or optical details, and 
tho relative positions of nil tho parts with 
respect to tho axis of tho specimen, should ho 
such that tho “constant” of tho instrument 
is tho samo throughout its range, nr that any 
errors which are involved aro so small ns to 
bo of no importance. 

(vi.) Tim zero of tho instrument should ho 
constant for tho same conditions of tost; thus 
if, after straining the test piece, there is no 
permanent sot the instrument should return 
to its initial position. 

Extensions aro measured in Jivo different 
ways: 

(i.) With a micrometer screw. 

(ii.) By nil indicating dial. 

(iii.) Willi u mioroseopo. 

(iv.) By a multiplying lever (inotdumiunl 
magnification). 

(v.) By optical magnification. 

With methods (i.), (ii.), mid (iii.) the deformn- 
tiiMitt imi ascertained with little or no magnifica¬ 
tion, while wiUt instruments employing methods 
(iv.)nnd (v.) the sirs ins are. considerably magni¬ 
fied Indore the measurements aro made. Sumo 
exleiiHoineters use a combination id (iv.) or (v.) 

with (i.), (ii.), or (iii.). 

§(■1*1) MnmoMKrxit Ktmi-iw ExTUNsoMiirnu. 
- -Theso instruments consist of tiro clumps 
placed on the tent Imi- at a distance npiiib 
which is equal to tho gauge length, Tim 
movement of one damp relatively lo the other, 
as the load is applied, is measured by tho 
reading of one or morn ntiommeler sormru 
fixed to one clamp and la-ought into eniiCud, 
with the other. The accuracy id the iiudrit- 
inout depends on ; 

(a) Thu uniformity of the pitch of I he 
micromotor screw. 

{!>) Tho constancy of tho pressure at tlm 
point of conflict. 

(a) Tlm euro with which the niiemmeter 
screw is operated, hern use the instrument him 
lo Im lunched by hiuid many fimi-n during t he 
experiment, (.'aro should ho observed in order 
to ensure that the couple applied by (he 
lingers in perpenilieiilm 1 (o (lie axis of I lie 
screw. 

Micrometer screw oxlensomcleis are largely 
used in Mm U.S.A, by students, and give 
satisfactory results when used with gl oat euio, 
Tlio principal makes of instrument are divided 
into two sections in-cording ns to whether I hoy 
Imvu,one or two micrometers. 
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§ (45) Douw.e Miuiiosjeteu Screw In¬ 
struments. (i.) Professor R. If. Thurston's 1 
Exle.nsometer (1875). —Thin was tlio first in¬ 
strument iti which two micromotor screws 
were used, one placed on each side of tho axis 
of tho test piece, and in which electric con tact 
was employed in order to eliminate errors duo 
to variation of pressure. 

(ii.) Henning’s 3 Micrometer .Exlcnsomeler .— 
This instrument is shown in Fig. 04. Two 
frames A and U grip the test piece by two 
steel points h, h and two imifo edges c, c. 
Tho lower fmino li carries two mioromotors 
m, tn, and tho upper fmrno A is provided 
with a pair of plugs g, g which nro in lino with 
tho micromotors. As tho distunco hotwcon 
tho frames increases with application of the 
load, tho ends of tho screws /, / are brought in 
contact with the plugs g, g. Tho contact is 
indicated by ringing an electric bell by n wcalc 
electric oiiircnt, or, owing to tho uncertainty 
of bell mechanisms, telephone reeeivora arc 



placed nearer tho lower frame tJmtt '■» ih " 
Henning exteiiHoinoter. 

(iv.) The Yah extensomeler 3 is a H i m i J ' 1 ' li, u 
lion of the Marshall apparatus Tb< - r + |«i ri i?t 

roliers uro omitted and n gnugo bar in I r> >* * * 
to keep tho clamps pumlloJ, bring (lit'!' ] ■« »i*H ■< 
of measurement opposite, ,<„<l t , tx, - t li<- 
length. The gauge Imrs are made Jf t I s ITVj rnf 
lengths and nro removed before Win rn i «>? <■. 
strum tho sju-oimen. It 
reads to ton-thousand tbs PI f 

of an inch by micromotor 
screw. f i 

§ (4(1) SiNar.B Micro¬ 
meter 8cm KW INSTRU¬ 
MENT. Unwin’s 1 Renew 
Jixtensoiucter. — This in¬ 
strument is shown din- 
gmmmnticalJy in Fig. 05. 

Tho two frames are 
clumped to tho test piece j-j_j j 
at points on a piano pasn- ^4J|—• 
ing through its axis by sot 
screws a and h. The U 
lower fmrno carries tho 
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sometimes substituted. Tho extension is read 
on vortical scales e, c and tho graduations of 
tho micrometer heads m, m. 

Tho instrument registers to ono ten- 
thousandth part of ail inch, and can bo used 
on cither round, Hat, or square specimens, In 
onlor to attach tho oxtensomotor to tho test 
piece, the frames A anil .11 nro opened, liars 
(l are used for sotting tho frames A and ]} 
at tho eorreot dintanco apart; t hey nro romovod 
while tho test is in progress, An instrument 
of this type is supplied by Messrs. Tinins 
Olsen Testing MnohinoC'o., Philadelphia, under 
the name of Tho Olson Standard Duplox 
Mioromotor oxtonsometor. 

(iii.) The oxtonsomotor invented by 0. A. 
Ararslm.ll, of tho Cambria Iron Company, dillors 
from Henning’s in three small dot ails. The 
adjusting bars d (Fig. (14) are omitted and 
tiro knife edges e, c aro replaced by a spring 
and roller attachment which, in connection 
with a spirit levol, assists in tho nccumoy of 
tho adjustment. Tho micromotor screws nro 

□ «. ' AUtteriafsof Kiwi titering, ii. uflfl. 

J rails, rimer. Sac, illech. Png., 18B5, p. . 170 , 


micromotor screw e, on the hardened | »■ *ii 1 1 "f 
wliioli tho upper fra mo rests. Provide?* 1 that 
tho frames aro at right angles to Urn n xin, 
tho mioromotor screw gives tho vurinf ions in 
the length between tho two poinlu r.f imp. 
|)ort on tho test pioco. To set Uni fni im-a 
uormnl to tho axis of the test bar, lov.'ln e, / 
uro attached to thorn. Level c on (,1 h» Jowrr 
frame is adjusted hy tho screw <!, wliil«» tin' 
upper fmrno is set love! hy moaiw « *f tlm 
micrometer screw c. Tho pressuro nn 1 lu> 
micromotor screw is thus 
constant, mid equal to 
the woiglit of tho upper 
frame. 

§ (47) Sinof.k MraKO- 
METKH, ftcilEW COM III Nit! I) 

with a Muf,T in ,vino 
Lever. (i.) Gamut's c 
Exlensameter, — In this 
instrument (shown din- 
gram illation lly in Fig. 0(3) 
llioro is a mechanical 
magnification of two, combined with monr-tm 
ment hy moans of a singlo micromotor screw. 
Two pairs of steel plates 11 and Cam iiltaolM'd 
to tho test pioco hy screws E, IS niui pivot , 4 1 
togotlior at K. Tho mioromotor M in jiivolml 
to the lowor plates and carries a spim I ]< * 11 

which passes through a guide K pivotoi) (., 
tho upper plates. Tho apindlo uairii-H u 
hardened pin on its upper end, and \v]i*"h 
tho test piece cxtomls, this pin, which furinn 
part of an aneroid lm remoter, movea t 
nnoroid needle. Half of tho amount wliltvh 

’ ■ t ’ RO t ,,/ 0 hnson’s Materials of Construction . ];i|m 

c, \‘ l»- «!•_. „ -S'or, Proa., 1880, vlll . | y' 

* Insl. Cn\ Una. Proe. cxxvlii. 321. 
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the micromotor hits to bo moved to briny the 
noodle to its original position is a niensnro of 
tho oxtonsion. 

(ii.) Itiehie improved extensome'er, supplied 
by Messrs. Richie Bros. Testing Machine Co., 
roads tho average stretch from two sides of 
the test bar with one micrometer screw. The 
arrangement is shown diagrammatieally in 
Fit/. (57. The two frames A and B are 
each fixed axially to tho tost piece by two 
hardened steel - pointed thumb - screws S, S. 
Tho left-hand rod R is rigidly joined to the 
lower frame B and is pivoted to the upper 
one A. Tho right-hand rod swings from a 
pivot in tho upper framo over the micromotor 
screw in the lower one. Tho rods are equidis¬ 
tant from tho points of attachment to the 
specimen, so that when elongation occurs the 
right-hand swinging rod moves away from tho 
micromotor twice the amount of the elongation. 
This ox ten ho mol or can he used on gauge 
lengths from 2 in. upwards by having sets of 



rods for those gauge lengths which are required, 
Elongations of 0-0001 in. can bo easily read, 
and electric contacts can bo oinployed with 
the instrument, 

(iii.) The Cambridge IJxlensomc.ler (Fig. 08). 


—This simple and noeuvnto oxtonsometor is 
made by tho Cambridge and Paul Instrument 
Co. Ltd., Cambridge, and is especially designed 
for use as a workshop instrument. It is com- 



FlU. 08 . 


posed of two separate frames, each of which is 
attached to tho test bar M by hard stool conical 
points PP and P'P' arranged in geometric 
slides so that, after the points are gently 
driven into tho punch marks, they can he 
damped in position by tho knurled heads 
It, It. The lower framo carries a micro¬ 
meter screw It and a vertical arm B at 
the top of which is a hardened steel knife 
edge about which tho two frames work 
together. Tho micrometer screw is pro¬ 
vided with a hardened Hteel point X over 
which a nickel-plated flexible steel tongue 
A, forming a continuation of tho upper 
flume, is carried. Tho tongue and frame 
form a lover magnifying tho extensions 
of tho test piece by live. 

In use tho vibration of (he flexible 
tongue takes tho place of the oleotric 
contact, in tho instruments previously 
described, as a delicate moans of setting 
tho micromotor screw. Tho sled tongue is 
vibrated and tho screw turned until the 
point X just touches the hardened knife 
edge of the tongue ns it vibrates. Read¬ 
ings can 1m ro]>eatod by Ibis means to 
0-001 mm. under ordinary conditions of 
test. Tim standard Instrument is suitable 
for spooimens up to f in. dianioler on p 
gauge length of I or 2 in. 

§(•18) Inmoatino Dial J nhtuum knth. . 

This typo of instrument consists of one or 
more calibrated dials with pointers on nicely 
mounted spindles. These lake the place of 
the micromotor screws in the previous class 
of oxteiiBomotorH, and are self-indicating 
for large or Rinull deformations, They are 
gonemlly used in conjunction with soino 
form of lover magnification. 

Messrs, T, Olson supply a dial oxIoiiho- 
mof,cr of oxnotly the same form as Henning’s 
oxtonsometcr (§ (45)) except that dials and 
sliding rod b replace tho micromotor screws, 
Tho sliding rods are nUnuhcd to the lower 
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frame in place of the micrometer screws, and 
spindles, carrying drums mid pointers, are 
fixed to the upper frame with their axes 
horizontal. These take the plaeo of tho plugs 
]> (I (I'hV/. 64), Tho friction of the sliding rods 
against tho small drums (I in. in cireumferoneo) 
cause the latter to rotate. This also rotates 
the spindles and pointers round calibrated 
discs. 

§ (41)) Dial Extksso.mi:teks with Meciiani- 
OAii Magnification. (i.) Uninnrtsiti/ of ll'rs- 
consul- Wire wound IJxtcmonieler. 1 —This 1ms 
one dial attached to the upper frame which 
is operated by a wire arranged to transmit 
twice the extension of the test piceo to the 
dial drum. 

(ii.) Ilural-ToniUuson Vhtcnmmetcr ( Com¬ 
bined Lever and Dial), Fig. (ii).—'Thin instru- 



Jl io. «l». 

ment has been especially designed for use on 
the standard test piece (0*/>64 in. diameter and 
2 in, gauge length); it can ho used, however, on 
specimens up to one inch in diameter. The 
gaugo length of 2 in. is not adjustable, but the 
instrument can bo attached to specimens of 
greater length than this if required. It is 
provided with two forked lovers, A and B, 
fitted at tho fork with pointed clamping 
screws which, when tightened on to the test 
piece, form tho pivots of tho lovers, 

Tho dial indicator f! is attached to ono end 
of tho upper lever, and tho othor end, boyond 
tlio lest piece, lias a stout vertical lug D ex¬ 
tending downwards from ono extremity of tho 
folk nearly to tho level of tho lower lover. 
More tho lug bends inwards, and ono arm 1C 
of the fork of tho lower lover extends inwards 
’' tho samo way. 

The two levers mo connected by a short 
■on's Materials oj Construction , 1018, 


length of piano wire which lies in tho central 
vertical plane of the two lovers. 

This forms an elastic hinge, so that, as (lie 
tost pieco stretches tho freo ends of tho levers 
opoa away from ono another. 

Tin's method of connecting l ho levers also 
permits the test pieco to Htmighton out 
slightly under (ho load, if originally, slightly 
bent, without straining the oxtensonietor. 

Tho lower lover is shorter (lum ( he upper one, 
mid it carries at the freo end a short vertical 
screw F with a large milled bead. 

The end of tho screw is rounded and polished, 
and bears on tho end of tho shorter arm of a, 
third lever 0 which is attachod by a short 
length of flexible steel ribbon to a bracket 
which is screwed and dowollod to tho upper 
main lover. 

Tho end of the longer arm of this third lovor 
hears upwards on the end of tho plunger of tho 
dial indicator. 

The system of levers is proportioned so that 
tho movement transmitted to tho indicator is 
ten times tho extension of tho test piece. 

By turning the milled head of tho screw F 
tho dial indicator can he brought to zero before 
tho load is applied; a light spring maintains 
the end of the small lover iu contact with the 
point of tho scrow. While the oxtonsnmotor is 
boing attached it is necessary for the two main 
levers to bo rigidly looked, with tho axis of the 
clamping points parallel and at a distnneo of 
2 in. apart. 

This is accomplished by inserting two 
locking pins, one of which constrains the axes 
to bo parallel while the other fixes the diatiuieo 
botweon them, 

Tho first pin is placed in the tin mu horizontal 
plane as tho wire bingo, and its axis intercepts 
the contra of tho wire so that (1m insertion of 
this pin loaves the lovers only one degree of 
freedom. 

The second pin correctly fixes the relative 
positions of the two lovers. 

In order to ensure that tho clamping points 
shall grip the test piece along a diameter and 
not along a shortor chord, two screws are 
placed in tho forked part of each lever inclined 
at about 45°, 

Tho axis of those screws intercept the axis 
of tho test piceo and tho ends are rounded to 
hear at points on the tent piece. 

Tho usual diameter of tho reduced part of 
tho tost piece is 0*fif54 in., which gives a oross- 
scotional area of 0*2/3 sq. in., mid tho length 
of the rows is suoli that when just tight the 
onds are 0-282 in, away from the vortical 
piano through the clamping points. 

When attaching tho ex toilsome tor it is 
simply hold up against tho test pieco bearing 
on tho ondsof thofonr screws, and the clamping 
sorews are tightened anil tho points pierce the 
test pieoo along two diameters. Tho ox tense ■ 
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motor is thus a self-contained marking-out jig. 
As soon as the instrument is fixed to tlio test 
piece the four screws are just slightly slackened 
so that they arc just clear whilo the test is 
being made. 

One division on the indicator corresponds 
to an extension of (MlOOl in. and, by esti¬ 
mating,, the extension can bo readily measured 
to the nearest (h0lJff02 in. This instrument 
is made by Charles W. Cook, Ltd., Man¬ 
chester. 

(iii.) ltitihh Dial Exlensnmder. — A similar 
typo of dial oxtonsometor is supplied by 
Messrs, ltiohlo Bros. Testing Machine Co. 
The instrument itself is not quite so elaborate, 



and raplires n special marking-off block which 
forms part of tho outfit. 

(iv.) lien)/ Strain (Iniajr. 1 (Combined Lever 
and Dial ).—This instrument measures tho 
deformation oil tho surface of tho test biu* or 
structure and in principle is a pair of beam 
com passes, one point of which is lixed to the 
frame of the instrument and tho other operat¬ 
ing an Ames Dial through a live to one boll- 
omuk lover. The points of tho instrument are 
placed in the gaugo marks and an alteration 
in tho gauge length is shown on tho Ames 
Dial. 

§ (60) Miohosoovh Rkadino Extknso- 
MKTKUS. {(Jatj i K'i'c ) Mktkiis. )—With this type 
of instrument the distance Ixitwoon line 
scratches on tho test piece is measured by 
sighting with a mieroHcopoon the two scratches, 
and reading off tho distance tho mieroscopo has 
been moved along tho slide to which it is lixed. 


Tho determination of elongations by this 
method is a lengthy process, and except for 
special purposes it has been abandoned. 

Fig. 70 sliows an arrangement of two micro¬ 
scopes which is convenient for measuring tho 
extensions of stranded cables. Mieroscopo 
A has ordinary cross wires whilo microscope 
B is Jitted with a micro¬ 
motor eyepiece. Both in¬ 
struments aro attached 
to a bar C which can ho 
moved vertically by the 
screwD. Both microscopes 
are focussed on scratches 
on tho test piece and tho 
load applied. By means 
of the screw .1.) tho cross 
wire of tho top mieroscopo 
A is made to coincide again 


CP 1 
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with tho top scratch, whilo 
tho adjustable cross wire 
is moved in the second 
microscope to the now 
position of the bottom 
scratch, Tho movement of this cross wire in 
tho calibrated micromotor eycpieco gives tho 
extension. 

S (fii) Dommnhd Mkjuo.scoi'i: and Lev ion 
KXTEn.hoai r.Tliu. liming Exle.nsnmctcr. •—Th is 
instrument lias been used for a great deal 
of the scientific work in thin country. It is 
shown dingmmmalieally in Fig. 71, mid in ilR 
latest form in Fig. 72. Tho two clips, B and 
0, aro each attached to 
the test picco A by two 
pointed screws. Clip B 
carries tho vertical pro¬ 
jection IT (Fig. 71) ter¬ 
minating in a rounded 
point P, which engugoa 
with a conical hole in 0. 
The pieces B and IT aro 
joined to one another in 
such a way that tho 
test piece may twist a 
little with¬ 
out affect¬ 
ing tho en¬ 
gagement 
,of P with 

(J. Will'll tho tost piece extends, P serves an 
a fulcrum for tho clip 0, mid point Q is 
displaced through a distnneo equal to twice 
the extension, This displacement is measured 
by a mieroscopo attached to B, sighting on a 
mark on tho rod It hanging from tho point 
Q on tho upper clip, Tho readings aro taken 
from a micromotor scale in tho eyepiece of 



1 Engineering Jiccord, Juno 11, 1010, j » lion, Soo. l'ron., IHDft, Ivlii. 1211. 
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tlio mionmcopo, Tho nnrew (L, Fig. 72) sorves 
to bring tho Hightail murk to a convenient 
point on tho tiiicnmtclci' scale and also 
cletorm ines tlio scale raidings which can ho 
Cid, minted to (MIM0O2 in. A clumping liar is 
added hy which tho dips ft and 0 are field at 
tho corroot distance when fixing them on tlio 
tost pi coo. This exlensometor is made hy 
Messrs. Tho (him bridge & ftnul Instrument 
Company for guugo lengths of 2 ami 8 in. and 
1.0 and 20 centimetres. 

An apparatus for marking oft' tlio gauge 



points (Fin. 72a) is supplied with tlio instru¬ 
ment. 

$ (52) Mui.tiita'ino Lmvkh Exthnsomktuiis. 
—(i.) Kennedy 1 designed n simple lover (lever¬ 
age 100 to L) oxtumminotor dipped to tho test 
lmr nt two points. 

Martons’s 3 lovov oxtonsomotor is a modifies- 
lion of tlio Kennedy instrument, and is 
arranged to take ainiultanomm roiulings on 
two opposite sides of the speoimen. It is 
hIuiwii diagriuiimubieully in Fig. 72, and 
consists of two dips 1), .1) carrying tlio 
graduated Houles C, (', nml liolil on opposite 
Hides of the H|Kioinion hy a spring S. Diainond- 
slmped pieces A, A, to which the arms .ft, ft 
are attached, am pivoted in shallow scats 
formed in the clips 1), I). With a magnifica¬ 
tion of fifty, loadings or.n easily bo mndo to 
(>■<><>2 mm. 

(ii.) tuuiucdtj'ti 3 horizontal exten,someier is 
gripped on the lmr at. four points in an axial 
plane and consists of two frames, one llxml to 
oueli gauge mark, whioli rest on onoli other 
over the pointn of attnelimont to tho tost lmr. 
A light pointin' is provided with two stool 
points, one resting on each frame. When tho 
lest bar elongates tho two points move 
relatively to each other in an axial dirootion, 
and this movement is magnified hy tho onii 
of tho pointer which travels over a sealo 
uarried by a rod attached to ono of tlio 
frames. 

Other instruments of this typo havo boon 
designed hy Strumnyor, 4 Goodman, 6 Wiok- 

1 hist. (Hr. A'jiff. /’roe. lxxlv., also Ixxxvlli. 24. 

‘ Httudhunk of Trsting, I. roil. 

* Engineering, Nepf.. (2, iHi)!). 

‘ lnst. iVttn/l Arrhiterb, Trims., 188(1, j». 33, "A 
Utralii I ud lent nr far Ihm nt Sen.'' 

4 Engineering, Hcpfc. LI, turn), 


steed, 0 Ashcroft, 7 Col. \Y. M. point v* H 1 m *' 
Dupuy.® 

§ (52) O err cal Mao nu.'vino Extknso jV V : l K ^' 
—For greater accuracy than 0-00002 * ,u . 

measuring deformations somo form of '»P* ' l '’ 
lover is generally employed in whit** 1 
change of length of tlio Lost piece is ««»n \*t*rluil 
into rotary motion of a mirror which in n I >3-u*i'VO'l 
hy means of n telescope and scale. 
oxtoiisnmoters employ two mirrors in ’"'hirh 
readings tiro obtained from o]>posit-o r-ii*l< >3( 
tho test bar, while in othors tlio moan ox 1 1 n >niini 



is measured by tho reading from a niuj'lo 
mirror, 

(i.) Two Minor Apparatus, liaune/t-i > ij/ir a 
Instrument . 10 ~Tho introduction of mh'mr i >x- 
tonsoinotors is principally duo to ftmmt'li ingiT, 
who designed tlio instrument shown in !*'»{/. 7 1, 

• Iml. Meek. ling. Pro?.., 1004, p. 485. 

7 Discussion on Unwin’s paper on “ ‘ r | 1 V'vi<dli> 
'I'eslfl on Mild Stool,” Inst. Ole. Eng. Prttet, xJ v 
200 . 

8 Mnrtens’s llandtumh of Testing, ]). 515, 

9 Annates lies l^onls ct Ohaussi'es, 5t!i hoi-Ivh. vU' 
331. 

10 Mascldne zum Prilfen iter FcsligAw ft t j, r 
Matrrialim conslruirl von Ludwig 1 Venter, unit 
InstrumeiUe zum Mcssni der Gnstullsrer/inifertt ,f, r 
PralwkUrpcr, conslruirl von Jon. liauschinger, A! (Itiehc a 
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Two clips, a, a and b, b, arc pressed against 
tho specimen : c, c arc light springs which 
press outwards against tho rollers d, d. These 
rollers, which are of caoutchouc, aro carried 



f\"'" Fig. 74. 


by tho clip b, b, and themselves carry tho 
mirrors r/, <j. As the specimen extends tho 
rollers rotate, and theso rotations arc measured 
by means of the telescopes 1?, E and scales 
/, /. Tho results aro recorded to 0-0001 mm. 

(ii.) Martens'll Mirror Exlensometcr .—This is 
an improvement of Baimuhingcr’s instrument 
and is shown in Fig. 75. It is extremely 
aoournto and sensitive and is most adaptable. 
In this arrangement tho multiplying levers of 
Martens’s lover extensomelcr (Fig. 73) aro 
replaced l>y small mirrors (»i, vi, Fig. 75) 
which aro attached to the rhombic-shaped 
pieces of steel acting ns fulcra, in such a way 
that tho reflecting surfaeo of each mirror is 
on the axis of tho fulcrum. Tho two clips 
(l, d aro hold on opposite sides of the specimen 
by a spring s which rests in grooves c, c. 
Each clip is pointed at ono end which is gripped 
directly on the test bar, while the other and 
1ms tho rhombic pieco intorpoBcd between it 
and tho bar. Tho mirror is mounted in a 
frame by moans of pivots centred in small 


boles drilled in the gloss. In order to adjust 
tho position of the mirror the frame is free 



to revolve on tho axis of tho rhomb. An 
adjusting screw b and spring p aro placed 
on opposite sides of tho mirror to control its 

















J 04 


ELASTIC CONSTANTS 



position about. an axis at right angles t» that 
of the rhnm li. 

A pointer Q is attached to tho rhomb and 
arranged so that, when it coincides with a 


Cross VJiro 


Slit for ileflcction'^^^^P r 'SI/t for Kef lection 
from l eft Hand Mirror \ from lUgli t Han tl Mirror 


i>iu. 77. 

mark on tho dip tl, the instrument is sot at 
tlie proper gauge length. 

Extension of tho test piece rotates tho 
rhombs, and tho angular rotation is measured 
by a scale and telescopes ns described for 
Uinisohingor’H oxtonnomotor. Two readings 
are necessary, one for each rhomb, and two 
telescopes arc usually oinployod. 

At tho N.IVL. a “ one toiesoopo ” arrange¬ 
ment lias been in nso for somo yours with 
oomplolo success. Tills is shown diagram- 
nmtioally in Fig. 7fl. 

_ Thu toiesoopo T is ultnchcd to a support 
S. Immediately under tho toiesoopo, and 
attached to tho aanio support, is a platform 
1’ whoso height from the ground can be 
quickly adjusted. It can ho 
locked in any position by n 
knurlcd-licnded scrow A. Tho 
tolcscopo arrangement is kept 
in contact with tho platform by 
means of a spring B, and their 
relative position in q horizontal 
piano can bo accurately adjusted by means of 
the pivoted nut ami scrow 0. 

The platform carries an illuminated soldo 
I), two fixed mirrors M, ami M a , and two 
mirrors A'j and i\ r , pivoted vertically so that 
their posit ion can bo altered by means of tho 
screw and spring R 

Tho illuminated scale is ro- 
flootod from one of (ho “ Martens ” 
rotating mirrors on to tho pivoted 
mirror N„ and tho anglo of this 
is adjusted to bring the rellco- 
tion into tho tolcscopo by means 
of tho fixed mirror M,. Tho 
other “ Martens ” mim>r is mndo to reflect 
tho illuminated scale on to tho pivoted 
mirror N 2 , and this is adjusted to bring tho 
reflection into tho samo telescope. The 
difforoneo between tho lengths of the two rays 
is hu small that tho telescope can, at the samo 
time, focus tho scales ref lee ted by each of the 
Martens rotating mirrors. Tho mirrors reflect 
ghosts, and these aro out out by inserting 


a mask (Fit/. 77) in tho eyepiece*. «>f , Flf ' 

telescope, and by having adjiis(.u1>1 o ,,nif:!1 
shades (It, Fig. 70) fixed in beUvt J < 1 (,lt ' 

mirrors on the platform and the cxtims‘ >,,H ’*'' 1, 
Tho mirrors used must bo absolutory 11 1, 
and great care should be taken to H**o 
they arc not distorted when they aro oluni pod 
in position. 

A curved sealo should bo used, bui> 1in*4*i 

can bo taken on a straight sealo s* r» 1 1 n 
oorreetion applied. The illuminated noailo in 
graduated in niillimetrea and reading'** «»f t * ,( ' 
scale can ho estimated to 0-1 nun. 

If l— tlio width of tho rhombs, 

L=distance from the scale to tho rvxifi of 
tho test piece, 

x ~extension of tho tost piece, 

X~Bum of tho readings from Lfm t«o 
Martens mirrora 
«/X=i/4L. 

Usual values of l and L aro 0-180 in. mid 
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45-0 in. respectively. If X is moaaui*otl in 
iniilimotres wo havo 

1 x X 0-18 xX 

x ~4~xTj —4r x -.t x x mflliinotroH. 

By providing suitable clips this ex ton so- 
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meter can bo used mi gauge lengths from nno 
iueli upwards ami with test pieces from 0-0,'] 
to 0-8 in. diameter. 

An instrument using Martenn’s method but 
of slightly different design to that shown in 
Fit/. 76 in supplied by Messrs. Alfred J. Amslor 
& Co., SohiifVIunison. 

(iii.) Wealinghouse Wire I'cMing lSxfensomcler, 
—This instrument, designed by Lynch & 21 race 1 * 3 
for extoiiHomotoi' tests on small sections such 
us wire, ribbon, etc,, is shown in Fig. 78. It 
consists of two clips A[ ancl A 2 , fastened at 
one end to a slotted block 11, wliile tlio free 



onds carry hardened rollers, 0, and C 2 , wliieh 
cun turn in pivot bearings. 

One end of tho instrumoiifc is clamped to 
tlio test pieeo between tho spring G and tlio 
block J!, and tlm rollers G, ancl G a arc sprung 
apart to tako tho test piece at tho other end. 
Plane minors uro attached to tho rollers, 
which aro arranged so that a spot of light 
from a lamp D is rofleeted from the mirror 
(J l to mirror C 2 , and thonco to tho ourved 
sealo F. 

With this oxtensometcr increases of length 
of 0'00002 in. can bo measured. 

(iv.) Singh Mirror Apparatus. Morrow's lix- 
lensomelcr , a —This instrument is a combination 
of Ewing’s lover ammgomont for making tho 
oxtensometcr indicate tho menu strain, with 
a mirror method of measuring that strain. 

1 “ Wire Touting JixteiiHometer," I’rac, elisor. Sue. 

Test. Mat., 1010, xlx. part Ji, p. (10(1. 

3 Inst. Meeh. Eng. I'roc., 1004, il. 400. 


It is shown diagrammatic-ally in Fig. 71). 
Tho attachment to the test piece T is I >y 
four set screws AA and .MU, AA servos 
ns a fulcrum for tho top annular ring G, mid 
when tho test piece oxfonds, the miivmnent 
between 0 and F (which is ati extension of 
tho bottom ring J)) is approximately Lwii-o 
the cxtonHion. So far tlio prim'i]ilo is the 
same as that of the Ewing oxtotisnjnolru 1 , 
but wlicrous Ewing measures this extension 
by a micrometer microscope. Morrow uhc-.h it 
“Martens*’ rhomb .11 to which a mirror N 
is attached in a vertical jiosition. 

A second mirror HI in permanently fixed 
to F. The images of tho sealo from both 
mirrors aro seen aide by side in tho telescope. 
An itidox murk is taken on the imago of At 
for reading tho movement of N. J5y this 
moans allowance is inndo for any movement 
of tho lest pieeo and oxteiiHomotur, as a whole*, 
rolntivo to tho position of the tulesuopo. 

With tho instrument as used by Morrow Mm 
extension of tho s|x30imon is obtained to tin* 
nearest rrsivJvoiro °f an inch. 

Uthor single mirror oxlomuinetors havo 
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been designed by Unwin, n Murten.w,' 1 ami 
I lartig/ 1 

§ (fi4) GomimiKhhumktkich. — Most iimliu- 
inonts useil for tensile oxporiinonls onn also 
ho used us eomprcssometois provided that, 
tlio tost pieeo ia of Hullichmt length to lului 
thorn. It is, however, often necessary to 
modify tho method of iiM-noliinput. Tim 
conditions applicable to tlio use of oxtoiino- 
moteis (§ (dll)) apply, with just as much foiti-i’, 
to eompi-cusomotors. 

Tho Yalo oxtonsomoter (§ (‘(fi)), using double 
micromotor screws, and the Wisconsin (fj (-lit)) 
dial exLensoinoter are both used in tho U.S.A. 
for compression tests l>y a Hiiitablo modilieaMi m 
of tho damps, 

Ewing’s comprossometer for short hloohe 
{Fig. 80) is mi tlio same principle as tlint 
used for tendon tests. Tho in noli an ion I 
multiplication is, however, increased to five 
limes, onabling readings of , nV.rov <>f Wl ilMjli 
to bo obtained. 

Marlons’s inirmr arningoinofit (Fig. 7») Ima 
been used by tho author as a compreHsui- 
meter on diamotors np to d l in. by' providing 
additional springs S to hold tho clips on In 
tho larger size of tost pieeo. 

Umvin 0 has designed an instrument fur 
short blocks combining lovor ancl microscope, 

3 Pirn. Sue. Proc.., 1880, vilt. 178. 

1 Handbook nf Testing, part 1. p. 600. 

‘ Civiiingr.nieur, 1803, part vl. 

* Testing Matcriuts of Construction, 1910, p. -ill. 
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This instrument; in shown diagrammatioally 
in Fig. 81. The lever L,, having a knife 
edge renting on the pillar P, gives a mechanical 
magnification of 2k The frame L a is fixed 
to the specimen by four screws, and both 
frame L a and lover L t carry silver plates 
oti their enils having a fine semtcli on each. 
Tiio distance between these scratches is 


hl)croineter 

y /Microscope 

m m 


Silver Ptntea each engraved 



lneasured by tho inioroinotor inioroscopo M. 
Alterations of this distuneo with load give 
tho comprcsaivo strain ns tho moan of that on 
tho two sides of the block, 

§ (fi5) Tousionat, Strain Indicators.— For 
monsuring olnstio deformations in torsion, in 
order to determine llio coofliciont of rigidity, 
noourato ohsorvatiema aro necessary. All 
instruments for this purposo should 1)0 
imlopondeRtly fixed oil the bar with a definite 
gauge length. 

Where a high degree of aoouraoy is not 
essential, a convenient and sitnplo method is 
to clamp two long pointers on to tho specimen 


the vernier and for any changes of length 
specimen during test. 

(ii.) Coker's Torqucmcter . 3 — Tho tor 
strain is measured by tills indicator 
length of 8 in, At one oiul of tho 
men a graduated circular plato is at«t 
to tho gauge mark by three set 
This plate carries an arm ami v 
which cm 
moved rom 
and to \vli 
attached n 
carrying a 
wire anda ii 
At tho < 
gauge nun 
clinch, also 
by throo 

SOl'OWH, hu f 

an arm hav 
micromotor 
oroHcopnatt; 
to it. ’ 
mieroscopo i 
tho vernier 


Testing Machine 
/ Platon 

i 


Fixed with 
‘I screws 


Testing Machine 
Platan 


on to tho cross wlro of 
fratno. 

When the torque is applied to Ihe tests 
tho cross wiro moves relatively to the ti 
scope, and tho amount of this movoim 
measured by the micromotor oyopiec 
about olio second of arc. Whon tho i 
has oxeoeded tho mngo of tho oyopioci 
cross wiro can bo readjusted to zero by m 
tho cross-wire arm round tho circular pin 
means of a langont screw. 

(iii.) Unwin's Torsion Micrometer.*— 
instrument acts on the same principle as 
designed by Cukor. Thero are, howovoi 





at a givon distuneo apart and observe ^ 
their movement over a fixed scalo. Tin) 
(liflforenco between tho readings is a 
measure of tho torsional strain. 

(i.) Porter's Torsion Indicator. 1 —In this 
indicator tho long pointors of tho above 
instrument nro .replaced by two rings damped 
to tho test piece at a gnugo length of 3 in. by 
three sot screws. Ono clamped ring is 
graduated in degrees and carries on it a 
concentric ring engraved with a vernier 
reading to five seconds of anglo. Tho vornior 
ring is supported on hall bearings and is 
operated by an arm fixed to tho second 
damped ring. Provision is inado for sotting 

1 tinier. Hoc. West. Mat. x. 578. 


Fid. 82. 


or two slight differences in detail. 
Unwin’s method the mieroscopo, ntfci 
to a projection from ono clip, sights on 
finely divided scalo on tho other dip 
gauge length of 6 in. Tho micrometer 
pioco roads to O'000 degree. 

(iv.) Mirror Torquemeter. —The motion 
ployed at tho N.P.L. 4 is shown in Fig. 813 
consists of two small clips, A t and A a , 

* Hoy. Soc. Edinburgh Trans, xl. part II. p. 2(1! 

3 Testing Materials of Construction, 1010, p. 

4 Batson, Inst, Mech. Eng. 1‘ruo., March 
1 >. 183 , 
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Listened to the tost piece by three pointed net licutml axis of the beam. This requirement 
screws C. Attaolicd to these clips are tiie is not fnUilled by the lever dedoetomelor. 
adjustable mirrors 15, and li 2 of a Martens (2) The mean deileelion slum Id bo obtained, 
mirror extonsomotor. Tho mirrors arc The apparatus should either provide for talcing 
arranged, on a gauge length of four inches, so readings on both sides of the test piece or 
that they arc in the vertical plane passing automatically give tho mean deileelion. This 



Fra. 83. 


through tho axis of tho tost piece. Tho condition is not accomplished by the nlminod- 
motliod of measuring tho movement of the wire arrangement. 

two mirrors by tho use of a single telescope § (57) Api'AKATUs non muakuiuno I.atkuai, 
lms already been described (§ (53)). Tho S'l'HAlNS. (i.) Ooker'g Lateral Slmin-iMHSuriug 
cliflruraiuo between tho readings from each Apparatus A—Thin instrument is shown din- 
mirror at small increments of the torquo give, grammatically in Fig. 84 and consists of two 
when multiplied by a constant depending on tubular arms A, and A 2 connected by a 
tho scale distance, tho angle of twist 
for that increment on n length of four 
inches. 

§ (50) DEFr.EOTOMErEnB.—Theso in¬ 
struments are used to measure tho 
amount of bonding of beams, ote., dur¬ 
ing a transverse test. 

Commercially a multiplying lover 
deilcotometor (Fig. 00) is generally 
employed or a strained-wire arrange¬ 
ment may he used where largo deflec¬ 
tions aro to ho measured. This is 
shown in Fig. 83. A lino wire W is 
strained between two pins lixccl on tho 
neutral axis of tho beam above tho 
supports and kept taut by a rubbor 
band It. This forms a datum lino. A 
polished scale S is graduated either 
in mm. or inches and suspended from 
tho neutral axis at tho centre of tho 



beam. Tho observer brings his eve to such flexible steel plate 15 Avhicll forms the fulcrum, 
a position that the wiro and its imago in the Tho steel plate is gripped by two collars CO, 
polished scale coincide, and ho then reads tho one of which carries an adjustable screw L, 
position of tho wire on the scale. which bears on the tost piece and hoops till) 

For most work an accuracy of 0001 in. is instrument from turning. Tho arms aro 
usually sufficient. attached to tiro test piece 1' by two sorowH 

Tho mothods described above do not fulfil DD, tho pressure on wliioh is provided by the 
some of the essential conditions for aeoumoy, com pression of a spiral spring S on the 
which arc: opposite sido of the fulcrum. 

(1) Tho apparatus should ho designed to Tho arm A 2 has a- projection H, the end 
givo tho relative deflections of points in tho 1 Jfoy. Soe. Edinburgh Trans, xxv. part 1, p. 452, 
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of which in opposito to the arm A, and is 
mi-nngoil. to apiing inwards it, gripping a 
knife edge 

Any change in the diameter of tho tost 
piece causes a relative movement between the 
one] of t-ho arm A t mid tlio projection II of 
tins nnu A.j, This movement rotates tho knife 
oilj'ii .1, to wliioh u mirror Iv is attached. 
Tim roifitiim of this mirror is ohsorved by a 
(ok-sonpe mid scale and gives a moasuro of tile 
all oration in tho diameter of the tost pieue. 



Tho scale distance) is arranged so Unit oaoli 
ki mlo division represents 0-UtXM)0L in. 

(ii.) A furrow's Instrument for vmisuring the 
Lateral Contraction of Tic liars, —This instru¬ 
ment, 1 shown (liagrammfttioally in Fig. 8/5, 
also lines optical means of measuring tho 
relative displacement of two arms, 

Two urnis KK and LL mo ]iivotcd at P 
and two screws A and M grip tho test jiieco T 
and aro pressed inwards by stilt springs C. 
Alteration in tho diameter of tho test picco 
onuses arm K to full relatively to the arm L. 
This relative motion is measured by Hie tilt 


of obtaining the constants of cxl«iiHOii u, * , ' l '' i ’ 
com preaxo motors, etc., aits : 

(1) By measurement of tho Icvem^o <|,r 1 
instrument. In some types of app E irii 

can be onri'icd out successfully. w'jth II"' 
Martens mirror oxtensometer tho coindnut' 
depends on tho width of the rhombs ( •*'* 

scale distance. Tho former can be detoi’M lin'd 
by an aeonrato measuring machine 
hitter is usually adjusted by sotting tin) Hc^ilo 
distance from tho test picco by jnounjM of 11 
gaiigo of known length. 

(2) By test on a steel tost picco w 1 ‘« 
elastic constants have been accurately- 

mined. Tho test piece is gripped in i-lm 
testing maehino in such a way that tlio nl-i'caH 
is distributed in tho proper mnniioi' 'nnl 
roailfrigs of the upi>amtns which ja, i:«» lui 
calibrated taken at definite inoreinontH of t he 
lead. These readings aro then compare* l "'il h 
those ealculated from tho known cln.Ht.i*) o«hi- 
Btants. IE possiblo, a standardised appu m t.i in in 
attauhed to the tost picco at tho hiiiiio time 
as tlio one whose constants are unknown nail 
a direct comparison nimlo. 

(3) By a calibrating instrument. An Inmt-rn- 
meut used by the author is shown in .l*'if/- lKI1 
and consists of a stand D carrying lavu 
arms E, and E 2 . Thoso arms aro movnldn 
along a featlior on tlio stand so tha t t in nr 
position can ho adjusted. Thoy aro lmrcd 
accurately in lino to take two rods A ntul l b 



of a minor M which is supported on three 
points, two of which rest on arm I# and ono 
oil arm K. A vortical mirror, not shown, 
is also fixed to L at the sido of tho tilting 
mirror M and serves as an index for that 
mirror, thus eliminating any errors duo to tho 
iiistnmii.'iit moving relatively to tho observing 
(oloseo|u>, Tlio instrument is balanced by a* 
weight \V. 

S (AM) ( Jill, I ORATION OK I) Kl’OHJilATIO N- 
MHAHinn no Ai’Imiiatum.— 1 The usual methods 
1 Morrow, Tkil. Mat)., 11XW, vl. 417. 


B is lixed, hut A can bo moved up 
and down by a micromotor head C ?. A 
also works along a feather wliioh provuutii 
rotation. 

Tho apparatus to be calibrated is nbtitoln-d 
to A and B and its readings compart)cl w j t ti 
the niovonient of tho micrometer head. '.rim 
pitch of tho miovomotor screw is 0-012n jn, 
and the head is divided into 25 parts no tdi/il, 
ono division of the head (about £ in. l<m^) 
corresponds to a movement of 0-001 in, 

It is ossontial that tho desired iugr 
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should always lie approached in the mine three- 1 
tion in order to eliminate any backlash in 
the screw. As (ho accuracy of the calibration 
depends upon tho accuracy of tho screw, this 
has been determined on a screw-measuring 
machine and a correction curve obtained 
for it. 

§ (59) Autog it a mi ic ItKCOimiNO Apparatus. 
—The deformation co-ordinate of the curve is 
always recorded directly from tho test piece 
itself, usually with some form of multiplication. 
Thu main difference in the various types of 
recorders is in the method of obtaining tho 
load co-ordinate, There are two principal ways 
in which this is done : 

(i.) Load recorded by tho movement of the 
counterpoise with or without automatic 
adjustment. 

(ii.) Load co - ordinato obtained by tho 
deformation of a calibrated spring. 

Tho early diagramming apparatuses wore 
applied to pendulum machines. Thurston, in 
1875, designed tho torsion test apparatus 
described in !j (10), and, in 1877, Abbott con¬ 
structed a recorder adapted to a machine in 
which the pull from a hydraulic press is 
transmitted through the test piece to a pen¬ 
dulum, tho angular rise of which gives a 
measure of the load, An improved apparatus 
of tho same kind was used by I’ohlmoyor in 
1882, and more recently by the N.P.L. for 
tests of copper and bronze wires fully described 
in the British Engineering Standards Asso¬ 
ciation Report, No, 55. 

j? ((10) Autographic Apparatus, ukcoud- 
inci Position op Countkufoibk. — In 
machines having a moving counterpoise tho 
load co-ordinate is obtained from tho posi¬ 
tion of tho counterpoise on tho beam by 
moving a drum or ponoil, by suitablo pulleys 
or gearing, from tho shaft or screw which 
drives tho counterpoise. Tho beam is usually 
kept floating by moving tlio poiso by hunt! 
adjustment. By this means, hmvovor, tho 
reduction of load at the yield point cannot bo 
obtained and tho final reduction, when tho 
test piece is stretching locally, is only imper¬ 
fectly reproduced. 

Jliehk Autographic and Automatic Ap¬ 
paratus .— In soino American machines an 
autographic apparatus is provided having an 
automatic weighing device. This dovico is 
designed to move tho poise on the beam auto¬ 
matically to balance the load on the specimen. 
In the Richie machine, the scale beam on 
vising or falling completes an electric circuit 
at tho top or bottom stop in tho beam stand. 
Each circuit is separate and connected to a 
magnet. 

Tho driving pulley of the machine turns a 
horizontal shaft which has a east-iron disc 
on its end. This disc in turn drives one of 
two fibre wheels located equidistant on either 


side of the centre, of the disc. Each fibre 
wheel has an armature controlled by one of 
tho magnets of tho electric circuits mentioned 
ahovo. Thus when the beam rises and com¬ 
pletes the top circuit, one of tho magnets 
attracts its armature, causing one of tho fibre 
wheels to engage with the cast-iron disc and 
drive tho poise along the beam ami so balance 
the load. When the beam drops and hits the 
lower contact, the armature of the other fibre 
wheel is attracted by its magnet, which brings 
this fibi'O wheel on to the east-iron disc and 
drives tho poise in tho opposite direction. 

Tho screw which drives the poise also, 
through gearing, drives tho recording pencil 
axially along the drum, so that the reading 
of tho load, which is recorded, corresponds 
directly to tho load weighed. 

The other ordinato is obtained by tho drum 
revolving proportionally to tho deformation, 
“ Fingers ” rest on top of U damps fastened 
to the specimen by hardened steel-pointed sob 
screws at the correct gauge distance. Tho 
lower “ finger ” moves downwards as tho test 
piece extends and by means of a nick and 
pinion converts this motion into a rotary one 
revolving the drum through mitre wheels, 
Tho actual extension is magnified five times. 
The fingers arc so arranged with damps on 
telescopic tubing that only the extension 
between the U clumps is recorded on tho 
diagram. 

§ (01) Avtouiunikj Aitaiiatijs using a 
Oa Uim atkd Si’hino. —(i.) This method is used 
in two Wiokslced recorders. In the curlier 
apparatus 1 (lie measurement of tho stress iH 
entirely indopondontof tho position of tho poise 
on tho beam, but is taken ns being proportional 
to the compression of a helical spring act ed upon 
by an auxiliary plunger operated by hydraulic 
pressure from tho straining cylinder of the 
testing maoliiuo. As tho load Is applied by the 
straining cylinder it is balanced by running 
the poiso along tho beam, and the hydraulic 
pressure in both tho straining cylinder and 
the auxiliary cylinder inereascs. The auxiliary 
plunger therefore compresses the spring, and 
tho amount of the movement of tho spring is 
recorded by a pencil on the recording paper 
in a direction parallel to the axis of the drum, 
Tho drum is also given a rotation propor¬ 
tional to the extension of tho test piece and 
an automatic diagram is thus drawn. 

Tho auxiliary plunger is rotated during the 
test in ordor to eliminate the friction as far as 
possible. Tho yield and maximum loads nro 
noted from the position of the counterpoise, 
in order to fix tho load scale of the diagram. 

(ii.) The Bud-ton Wickslml Patent Spring 
Balanced Recorder is entirely automatic, the 
variations in tho resistance of the specimen 
are accurately recorded, Tho notion of 

1 Wickatccd, Inst, Mccli. Eng. 1'roo., 1880, p, 27. 
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the recorder is shown diugramnmticnlly in 
Fig, 87, The cmmlerpoiso \V is placed 
nt the end of its travel, thus extending the 
spring S. As the load W is applied to 
the test piece an equivalent load is released 
from the spring 8, which therefore contracts. 
The amount of this reduction in length 
is proportional to the load on the test, piece 
and is registered on the recording drum It 
by means of a cord C passing over fixed 
pnHoys l’j and l’j and attached to the 
pencil D of the apparatus. 

The land is thus recorded axially, and the 
drum is rotated by the movement of Lho lower 
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pulling head relatively to that of the upper 
shackle, to givo the deformation co-ordinate. 
As the deformation is not communicated from 
a fixed gauge length of tlio test piece, it includes 
movement in tho grips and cannot bo taken 
ns tho extension of the specimen. 

(iii.) Moore's Autographic Recorder 1 is very 
similar in action to the Withstood spring re¬ 
corder just described, tho only difference being 
that the spring is placed on the other side of 
the principal knife edge so that when the poise 
is run out the spring is compressed. As tho 
load is applied to the specimen an equivalent 
load is released from tho spring, which elon¬ 
gates until equilibrium is established. Mooro 
used a steam-engine indicator; tho spring of 
the indicator is attached to tho beam of the 


in series with a stronger bar ‘ 15,’ called a 
spring-piece, and the two, which are connected 
directly by a simple coupling, are pulled 
simultaneously, the one through the oilier. 
The spring-piece is of a material such that its 
limit of elasticity occurs only at a load greater 
than that which will break the test piece. It 
must also lie of 
material ascer¬ 
tained by previous 
Post- ax peri men t to be 
perfectly elastic, 
so that its exten¬ 
sion is strictly 
proportional to 
the pull on it, and 
therefore to the 
pull on the test- 
bar. By a simple 
arrangement a 
very light pointer 
‘ c ’ is made te 
swing about an 
axis through an 
angle proportion¬ 
ate to tho exten¬ 
sion of the spring- 
piece, and proper- 
tional therefore to 
the pull on lho 
tost-har. The end 
of this pointer in 
its motion always 
touches a sheet 
which is given a 



fCounteriiolso) 


to 


Post 

rn 


of smoked glass ‘ U,' to 
travel—in its own plane—proportionaT to the 
extension of tho test piece, and in thin way 
tho diagram is drawn. Jly an arrangement 
of differential lovers it is assured that the 
motion of tho glass depends solely on the 
extension between the marked points <m the 
test-bar, so that no amount of extension of 
tho coupling, in the oiiiIh of lho test piece, or 
in any other part of the apparatus, can move 
the glass. The apparatus is also so arranged 
that tho absolute obligation of the spring- 



testing machine to givo tho load co-ordinato, 
and tho cord of tho indicator is attached to 
tho test piece to record the extension, 

(iv.) Kennedy-Ashcroft Recorder a (Fig, 88), 
—Full details of this recorder are givon in 
Kennedy’s paper to tho Institution of Civil 
Engineers, and tho following description of the 
prinoiple of the apparatus is nlso taken from 
that paper: 

“ Tho test pioeo ‘ a ’ is placed in tho machine 

1 Pm. Amur. Sac. Test, Mat., 1008, ylli. 053. 

8 Inst, Civ. Eng. Proc,, 1880-87, p. 31. 


l'Ta, 88. 

piece does not oauso any motion of the pointer 
relatively to tho glass.” 

(v.) JMlbg's Optical Recorder A —This ap¬ 
paratus is shown dingramnmtically in Fig. Hi), 
It is similar to the Kennedy-Ashen if t recorder 
in that tho load is obtained from tho extensions 
of a bar acting as a very stiff spring, but 
whereas Kennedy uses mechanical menus of 
increasing and transferring these extensions 
J It 01 /. Soc. Proc., 1012, IxxxvI.A, and 1013, 

iX.XXViil.A, 
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to tile diagram, .Uulby adopts iui optical 
method and thus obviates the possibility of 
inertia, ormra. 

The Bpring-pieoe W, awn in i'iij. 90, is 
hollow and in connected at. its upper end to 
the shucklo A of tlio testing machine. A 



projection through the shackle is mounted in 
a light-tight box B. Tho ray from a point of 
light A is rodootod by a fixed mirror Q on 
to a eoneuvo mirror M, which again rolleols 
it on to a third mirror N and thence to a 
photographic plate at I 1 ’, whore it is aoeuratoly 
focussed. 

The miri'or M is supported on threo points; 
two of these, about which tho mirror can tilt, 
nro in contuet with the hollow spring-bur, 
while tho third rests on a cup on tho top of 
tho central rod T. Any stretch of the spring- 
liar W will cause it to move relatively to tho 
central rod T and thus tilt the mirror JI. 
This tilt will cause tho point 1? to movo 
horizontally across the photographic plate, 
a distance of 340 times tho stretch of the bar. 

Tho mirror N is rotated by the linkwork 
G, L, V, U proportionally to tho stretch of 
the lest piece between tho gauge length <jf, 
and this movement displaces the point “If” 
vertically up nnd down on the photographic 
pinto. The point of light therefore traces on 
the plate a stress-strain diagram of the test 


made. After development the relation he- 
tweon load mid extension cun tie measured 
from the plate with great ueciiracy. 

V- DkTJSIHM NATION OK THK EIjABTKJ 
Constants 

'Clio complete load - extension diagram is 
drawn by means of soino form of autographic 
diagram apparatus, but for tho anonrato deter- 
mination of the elastic limit and modulus of 
elasticity it is necessary to determine with 
extreme accuracy the deformations produced 
by small loads. 

§(02) Tub Elastic Limit. .The elastic limits 

in tension and compression obtained from stress 
strain curves on the first loading of a piece of 
material such ns steel are not constant for tho 
material but depend upon tho previous treat¬ 
ment that the material lias undergone. They 
are called tho “primitive” elastic, limits to 
distinguish thorn from tho “ natural ” elastic 
limits set up in tho material when it is sub¬ 
jected to a few alt dilations of stress. 



Tho definition of the elastic limit which has 

been standardised by M,n *«»••*'«!■ . 

S tan darcl h Assoc in 41 • 
accepted in this e 
least stress at wide. 
bo exact. T|, is somei— 
proportionality or the “ I 
With some materials thoro. 

Ilooko’fi Law, and a lack of .. j 

between stress and strain, oven for values of 









172 


ELA STIC CONSTANTS 


the stress ho nninll that when it is removed 
tlui material regains its original dimensions 
(i.c. Mint them in no permanent set). Hence 
tile elastic limit is occasionally defined as the 
maximum stress lielow which the material 
would fully recover its form upon removal of 
the load. This may ho culled the “R” Limit. 
With most iimlorinls the two definitions give 
substantially the same results, thoy both re- 
quire delicate extensometera for their deter¬ 
mination, but the methml of procedure during 
tlie test is slightly different. 

In the first case extoiiHomotor readings are 
taken with gradually increasing loads and the 
results plotted ns a load extension diagram. 
This point at which there is a deviation from 
Mooko’s Law is easily located, ami the Modulus 
of Elasticity can be calculated from the slope 
of the elastic lino. Tho increments of loud 
taken nro usually about j> 6 of tho estimated 
value of tho “ P ” Limit, ami if the value of 



tho “ I? ” limit is known to a first approxima¬ 
tion, tho increments are made sninller in tho 
neighbourhood of that value and unt il the test 
is enmplotod. 

Tho following measurements {Table 21) are 
taken from it specimen machined from a piece 
of boiler plate and show how tho “ P ’’ limit 
ami tho modulus of elasticity can lie cnloulnlod. 

Tho results arc plotted in 7'7//. 91 and show 
that tho limit of proportionality is at 1(1 tons 
per square inch, 

From tho elastic lino it can ho Boon that at 
a stress of 13*8 tons per mpuiro inch the ox- 
fconnomotor roading is 25*1 ; this is equivalent 
to an oxtonsion of 0-001 in. on 1-0 in. 

'The strain is therefore 0-U01 and tho modulus 
of elasticity =8trea8 ^ fcmiil _ 1:J . ; ^ 0 . 001> 

£=13300 tons/sq. in. 

— 29-8 x 10° lbs. per sq. in. 

If tho raidings of tho extension and the 
applied load are known to sufficient accuracy, 
the limit of proportionality can bo ascertained 
with more precision by calculating the olastio 
oxtonsion for the various loads applied, and 
plotting tho difference between this and the 


actual extension as ordinates with tho loads 
as abscissae. Table. 21 shows this calculation, 
and tho results arc plotted in Fit/. 92. 

Taiii.i: 2t 

Exteksomkteh Test on Jlon.ua Pi.atk 


Diameter of test pieci*=0 S75 in.; Oross-scetionnl 
area=0-1104 hij. in. Kxtoiminni! menstircil cm 
a I-inch gauge length lty a mirmr extensomelei-. 


Stress In 
Tons per 
•Sij. In. 

Extension 
Item! lugs‘on a 
1 " (.align l.ongtli. 
A. 

Calculated 

Elastic 

Extension.* 

.15. 

Permanent 

Set./ 

A-11. 

000 

0 

0 

0 

0-1A 

8 

8 

0 

0-80 

ir> 

17 

“ 2 

1-83 

27 

2(5 

i 

1-78 

35 

34 

] 

2-23 

41 

41 

0 

2(58 

50 

51 

~] 

313 

57 

50 

_ 2 

3-r.7 

(57 

08 

- 1 

4 01 

74 

70 

-2 

4-4(1 

83 

85 

... 2 

5-35 

101 

102 

- 1 

(1-24 

117 

110 

-2 

7-14 

134 

130 

- 2 

8-03 

150 

153 

-3 

8-03 

1(50 

171 

— 2 

0-82 

188 

188 

0 

10-71) 

2015 

2011 

0 

n-r.o 

221 

223 

-2 

12-48 

237 

2-10 

-3 

13-38 

253 

257 

-4 

14-27 

272 

274 

- 2 

IF.-17 

21)0 

201 

-1 

1(1*05 

308 

308 

0 

10-03 

330 

325 

5 

17-81 

353 

312 

11 

18-73 

383 

350 

24 

10-02 

401 

37(1 

85 


* i unit^i/gr.t.uon in.; i.e, -ini iuiits.-.iii)i«i in. 
Kesults of tests: 


Klnstin Unlit*--. l(t u toim/Hi|. in. 
Yield stress •••••• 20-2 tons/s(|. In. 

Ultimate stress>"‘28(11 ti>ns/si|. In. 
Modulus «f elasticity=2l>-8>: 10* lhs,/sr|, In. 
Extension >= 30-tt per, cent. 



It is of first importance that shocks and 
vibrations should bo avoided during the appli¬ 
cation of tho load in an oxtonm muster lest, 
sinoo actions of this kind seriously affect the 
sensitivity anil tho accuracy of tho instrument. 
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Tho second method of procedure, employed 
to determine tho “11” limit, is to apply nn 
inurement of tho loud fmd upon its rolenso 
niensiu'O tho amount of tho permanent sot, 
if any. Tho load is then doubled, and the set 
cm releaso again measured. A further increase 
of the load is applied and released, and tho 
o 110 ration repeated until a well-defined and 
inoroiising permanent sot is obtained. 

Tho amount of tho permanent set is plotted 
against the load and an estimate obtained, 
from the curve, of tho point at which the 
material starts to have a permanent set. 
.From ( his reading tho “ R " limit is calculated. 

Results show that tho actual location of the 
elastic limit depends on the sensitiveness of 
tho apparatus used, low results being obtained 
with instruments of high sensitivity. Tho 
determination of the “ il ” limit reejniros con¬ 
siderable Cimo to carry out, but indicates 
plastic yielding of the material at an early 
point when it is properly ascertained. 

(i.) Elastic Limit by Change of Temperature .— 
if a material behaves elastically, increasing load 
produces n cooling of tho test piece, but if, 
however, n permanent set is produced, work 
is done in internal friction and tho tempera¬ 
ture of the test piece rises. E. Rusoh, 1 of 
dross Liohtorfelde, 1ms carried out somo ex¬ 
periments to determine tho tempcraturc-lond 
curve for materials. For tempomtnro meas¬ 
urement ho uses thermo-couples of iron-con- 
shantmi, coppor-constontan, or uilvcr-coiishui- 
tim bound to tho test piceo. Alterations of 
tho tomporatiiro aro read from tho movement 
of a galvanometer. Ho linds wcll-dofmed 
points of inflcotion in his curves. Tho loads at 
which these points occur give an elastic limit 
sometimes called the thermal or “T” limit. 

(ii.) Effect of Orerstrain on Elastic Limit and 
Yield Point .—Bausohingor found the effect, on 
tho limit of proportionality, of overstrain to be 
as follows : 

(I) if the limit of proportionality was ex¬ 
ceeded but not the yield point, then tho former 
is mined oven if the test piece is immediately 
reloaded. 

(II) IE the yield point is exceeded, immediate 
reloading gives a lower limit of proportionality, 
but reloading after a long interval of time may 
give iv raised limit of proportionality. James 
Muir 2 found that this effect can bo accelerated 
by immoi-sion for a few minutes in boiling 
water. 

Banachingor also found that the effect on 
the. yield point was that if tho yield point was 
exceeded, then subsequent reloading gave a 
new yield point raised to tho stress to which 
the imv was loaded in the first place. This 
effect occurred oven if the bar was reloaded 
Immediately, but if tliorc was an appreciable 

' Proc. Jvt. Assan. Test. Alai.. 1001), Article vil,. 
a Roy. Soc. Phil. Trans., 1000, cxclll. 1. 


interval of time, before the reloading the new 
yield point might be higher than the maximum 
stress applied in the first loading. 

§ (03) Tub Modulus op Elasticity -. 3 —The 
modulus of elasticity is the number by which 
the amoun t of any sped Tied stress or component 
of a stress within the limits of elasticity must 
he divided to find the strain or any staled 
component of the strain which it produces. 

There is a modulus of elasticity in tension, 
compression, and shear. 

The modulus of elasticity in tension, denoted 
by E, is sometimes called the modulus of 
direct elasticity, or Young’s modulus. Tho 
value in compression is generally the same ns 
that in tension. 

The modulus of elasticity in shear, denoted 
by 0, is called the modulus of tmnsverso 
elasticity, or the modulus of rigidity. 

The moduli C and E are connected by 
the equation 

f 1 — :I' J _ 

2(1 +*)* 


where ff=l‘oiss(in’s ratio. 

Tluvc is also a volumetric modulus of 
elasticity, sometimes called modulus of elas¬ 
ticity of lmlk or modulus of cubic compressi¬ 
bility and denoted by K It is the mini her by 
which tho stress ujxm the exterior of the sub¬ 
stance must he divided to give the diminution 
in volume or cubical strain, 

If E and (! are known, K can bo calculated 
from the formula: 


„ CE r _ 13 
K “UC-3E ° r "3<l-2S)‘ 


§ (G4) Modulus op Din hot Elasticity.— 
An example of tho method of determining tho 
modulus of direct elasticity (E) is given in 
§ ((12). Somo materials, e.ff. cast Iron, in or tars, 
and conoroto, have no elastic lino and thoroforo 
no definite modulus of direct elasticity. It can, 
however, ho considered, to he the reciprocal of 
the slope of tho stress-strain curve at v.cro 
stress, but whore tho curvature near the origin 
is sharp this valuo of the modulus is of little 
use excopt ns a comparative value of stiffness. 

An example of a stress-strain curve with no 
definite clastic line is given in Fig. 133. Tho 
initial modulus of direct clast icily is obtained 
from tho slope of the tangent (0A) to tho 
curve at tho origin. 

For concrete, nn empirical modulus is some¬ 
times used for design calculations. The value 
is obtained in one of three ways : 

(i.) Tho “ tangent ” modulus (.13,) is obtained 
from the slopo of the tangent to tho stress- 
strain curvo where tho ordinate is tho working 
stress—25 per cent of the compressive strength 
is usual for the working stress—that is, from 
tho tangent. CD {Fig. 93). 

3 Sco " Elasticity, Theory of," § <f>). 
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fii.) The “ secant ” modulus (EJ is obtained 
from the slope of the line 015, when: J55 — the 
working stress of the material. 

(iii.) The “ elion! ” modulus (R (1 ), determined 
by the ratio of stress to deformation, is given 
by the chord drawn between two points on I,ho 
curve, defined by the limits of stress for work¬ 
ing loads, i.e. from the chord Eif (Fig. Oil). 

The tangent and chord methods give moduli 
of approximately the same value, which an: 
higher than the secant modulus. 

Stanton Walker 1 has shown, from a study 
of curves which ho obtained from various 
samples, that the stress-strain curve in repre¬ 
sented hy a curve of the typo 

8 = 3M», 

whoro 8 = unit stress in concrete, 
d-umit of deformation, 

K-constant depending on strength, 
«~an approximately constant exponent, 

mid the relation bet ween modulus of elasticity 
and strength of concrete is 

# li 

where E^ modulus of elasticity, 

C = constant depending on conditions 
of test, 

S = cnmpicssivo strength of concrete, 
m=sun expononb. 

Similar equations wore suggested by linoh 
and Morsel). 3 

Iti/fed of Overstrain on the 
Direct Elasticity. —If the limit 
of proportionality is exceeded 
the value of B for steel is 
lowered, in some eases ns 
much as 20 per cent. Re¬ 
covery, however, is effected 
by rest or immersion in boiling 
water. 

Marshall 3 showed that if 
stool is initially strained to a 
point within the limit of pro¬ 
portionality, h second loading 
may give slightly liitrlior values 
of IS, 

§ ((15) Values op tub Modu¬ 
lus op limner Elasticity 
( Yount/s Modulus), —For car¬ 
bon steels the value of 1C in 
lbs. per square inch varies be¬ 
tween 28'5 x 10° and ,11 x 10®, 
with nil nverago vnluo of 
20'5 x 10°. It is nearly the 
sumo in tension and compres¬ 
sion, and is prnotically in- 


Eor low percentage M i,.k,,| 
cent) the average value .,{ 
lbs. per square inch, whit, 
for high percentage nick. I 


Modulus nf 



per cent) is low, being uIh.iu 
square inch. 

With east iron flioro is m> , 
of elasticity, lining a wnil.m. 
10,000 Ihs. per Kijuaic in- I., 
modulus for euHt iron v«ni< ! 
20 x 10° Ihs. per sqmirc im h I 


Tafii.k 22 

Values op •run Monui.i op Hi 


Material. 

Value of 14. 
Ll)«./Hi|. la. 

1 

1 1 : , , 

Carbon steels .... 

2(»,fi(KMH)l» 

i ’ 1 ' " 

I-ow percentage nickel sleets . 

28,film,mm 


Cnet iron (grey) 

1 J 2,OdO,non t.. h i- •' i ■ ••• 

\ 2 o,ooo,min (• : ( 1 ■■■■■. 

Cast iron (white) 

1 20,000.01)11 li. , , ■ II. '.: 

(25,000,11(10 ! ; - - i :: 

Copper (rolled) 

15,000,0011 1 ir > . 

Copper (laird drawn wire) 

17,0(10.111)0 i 1 • 

Copper (annealed wire) . 

111,0110.000 ' i' 

Alnminimn .... 

10,0110.(1011 ' : i 1 

Phosphor broil/.o . . . 

M,000,0011 ( •• n .i 

head. 

2,5(10,000 •; :.. II i> 

Timber (English oak) . 

1,100,1X10 ; 

„ (Uussian fir) 

/ 2,500,Him li. 

\ i.oon.ooo 


„ (Christiania sprime) . 

1.500,IKHI 


„ (homloolc) . 

2,5110,000 



dependent t>f the carbon content and of tho 
heat treatment. 

hiH of Elasticity of Concrete,” Proc,. 

rest. Mid., mm, xix. ni 2 . 

li. Concrete Steel Coimtrnrlinn (translation 

Per Eisenhetonlmn), 

nc. Civ. Eng. Trans, xvil. 02. 


and from 20x10° to 25 - Hr* 
inch for wliito east iron, 

Eurther values of M iiio pL. . 
§ (00) Modulus or ‘l , n».?n> 

TIOITY, OH Mont/r.lIH OP lla.« . 
easiest method of dolonnluioj? 
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is by mom is <if n torsion tost. Tlio strain is 
measured by some form of torquometor such 
ns is described iti § (fifi). 

/V stress .strain <1 ingrain is drawn in tho same 
way ns for direct stress but iinving torsional 
stross ns nhscima and torsional strain ns or¬ 
dinate. The value of 0 is then calculated from 
t lio slope of the clastic lino. The elastic limit 
in shear is also easily located from the curve. 

A series of observations by the N.P.L. 
mirror lorquomcfor (§ (fjo)) on ft pieeo of ft 
shaft are given in Table 23 and the diagram 
shown in Fir/, 04. From this diagram the 
limit of proportionality in Bhcav is scon to ho 
with a torque of 13150 lbs.-in. corresponding 
to a stress of 24'0 tons per square inch, and 



tho modtdua of rigidity' (0) = 11 -9 x 10° lbs. per 
square inch. 

0 ^«tos = 5^800 =n . n>< i 0 r. ]1)3 . por fiq . in. 
strain 0*004433 

Nolo. —Stress — 24-0 x 2240 11m. per nq. in. 

= 03,800 lbs. pcr.sq. in. 

/ where r —radius of tho tost 
1 piece, 

Strain = r0/JN 0 = angle of twist on 
I length J, in 

^ radians. 

= (0-25 X 4'IO)/(4 x 07-3) — 0 00453. 

For wire tho value of C is determined from 
the time of a single torsional oscillation. 
Bauschiuger 1 found the valuo of 0 for 

' Civilhiflcnicur, 1879, 


J 7fi 


Bessemer steel of carbon content varying 
from 0-10 per cent to 0-flfi per cent to range 
from 31-9 x 10" to 12-7 xlO 8 lbs. per square 
inch. 

Platt and Hayward 3 give values varying 
from 12-3 x 10 fi to Id-0 x 10 a lbs. per square 
inch. 

Average values of C arc given in Table 22. 

§ (07) Poisson’s Ratio, —Poisson’s ratio is 
the ratio of lateral to longitudinal deformation, 
and is usually denoted by if. 

An oxtensometcr when used in conjunction 
with an apparatus for measuring lateral strains, 
such as arc given in § (157), gives the value 

Tabms 23 

Torsional Stress-strain Observations 


Diameter of test piece=0-500 inches. 
Gauge length =4 inches. 


Twisting 

Moment. 

Llw.-Ins. 

Torsional .Strain. 

In Torquemetcr 
Units’ 

Angle. 

100 

111 

o° in' 

200 

222 

0° 38' 

300 

320 

0° 57' 

400 

442 

1° 10' 

500 

551 

1° 34' 

COO 

G5C 

1° 52' 

700 

7(50 

2= 12' 

800 

880 

8*31' 

i>00 

OHO 

2* 50' 

1000 

1103 

3° 0' 

10-10 

1145 

3" 1(5' 

1080 

1100 

r 23' 

1120 

1233 

3 d 31' 

11(50 

1278 

3° 30' 

1200 

1322 

3° 4(1' 

1240 

13(50 

3 d 54' 

1280 

1403 

3° 00' 

1320 

144(5 

4° 7' 

13(50 

1407 

4° 15' 

1400 

3550 

4° 25' 

1500 

1C00 

4° 50' 

lfiOO 

1010 

li° 20' 

1700 

2240 

(i° 20' 

1800 

2850 * 

7“ 58' 


* A reading of 2850=an angle of twist of 7 degrees 
58 minutes on a length of 1 inches. 


of ir for any material in tho most direct way 
possible. 

Both instruments are fixed on tho test 
pieeo at tho same time and measurements are 
obtained, of both lateral and longitudinal 
strains, for equal increments of load. The 
results are then plotted ns stress-strain din- 
grams, and tho ratio of tho slopes ^ of • tlm 
elastic lines is cqnnl to a (Poisson’s ratio). 

The figures in the following table aro falcon 
from results obtained by Coker. 
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Taih.e 24 

MlIASlJKBMKNTS Ob’ I/ATRUAf. A Nil I.0NO1TU11INAT, 

Strains 


Diameter of the test piece™ t-01 inches. 
Length under to.st=8*0<) inches. 


Load in Lhs. 

Lateral Strain 
Hemline. 

Longitudinal Strain 
It ending. 

i.000 

0 

0 

3,000 

20 

34 

5,000 

•12 

00 

7,01)0 

03 

ill) 

0,000 

85 

132 

11,000 

]0li 

105 


From tins plotted values of these results 
given in Fig. On it will Jm noted that tlio 
curves do not puss through the lirst point, but 
the remainder of tlio observations lie on 


straight linos. Tlio slope of the longitudinal 
stress-strain curve ='108-7 x 1.<)- |U , and the slopo 
of the lateral stress-strain «urvo = 107 x 10- 1 °, 
thoroforo <r=107/40S-7=0’202. 

Average values of Poisson’s ratio for various 
materials are as follows: 


Taiii.k 25 


Material, 

Value of 1’oIhsdii‘s Ratio. 

(•Ians .... 

0-25 

Steel .... 

0‘27 to 0-30 

Copper 

O'33 (0-31 to 0-34) 

Brass .... 

0-33 (0'32 to 0-35) 

Delta mot:i| 

0-31 

Muni/, metal 

0-34 

Lend .... 

O'43 

Stone 

O'20 to O'34 

Concrete . . 

04)8 to 048 

Cast iron . 

0-23 to 0-27 

1 Wrought iron . 

0'27 to 0-20 


VI. Si'ROiAfi Forms or Test 

'rf/,0 8 ). EXPERIMENTS ON THE RlCI'KTJTION op 
■ 1 Anier, tioc .~Jiogii sho.wn.hy oxporiment 


that materials fail under stresses considerably 
lower than tlio ultimate when those, stresses are 
repeated many times, 

i Stanton and Hairs tow 1 have shown micro- 
scopically that this deterioration is due to 
“slip lines being set up at tlio point of maxi¬ 
mum stress in tlio cleavage planes of tlio 
crystals anil duo to unequal distribution of 
stress among the crystals.” Those slip lines 
broaden out and develop into actual cracks 
under repetition of stress. Thin type of 
failure is sometimes called “ fatigue,” but is 
perhaps better described as a “ repeated stress 
failure.” 

In many cases the stress does not alternate 
between zero ami a maximum in tension; 
there may ho an initial tensile or initial com¬ 
pressive stress. For the purpose of a con¬ 
sideration of this subject compressive stress 
is taken ns a negative tensile stress, and the 
range of stress «s the 
diUoroiico I Hit ween tlio 
maximum and minimum 
stresses. 

Alternating stresses aro 
usually considered us Jm- 
mg those in which the 
maximum and minimum 
stresses are equal hut of 
opposite sign. 

Since 1864, when Fair- 
bairn published results in 
the Hag. For.. Phil. Trans. 
on riveted wrought iron 
girders subjected to re¬ 
pealed stresses, many im¬ 
portant researches on this 
subject have been, under¬ 
taken. As a result of his work, Fairlmirn 
recommended that the safe repeated stress 
should ho not inoro than one-third of the 
ultimate stress. 

In 1871 Wohler published the results of an 
exhaustive series of repealed stress experi¬ 
ments in direct stress, bonding, and torsion 
which had been carried out during the previous 
twelve years. A full description of these tests 
is givon in Engineering of 1871, and a good 
account by Unwin. 2 The most important 
deductions from these experiments on wrought 
iron and steel are : 

(«) A stress below tlio ultimate will fraotlim 
wrought iron and steel if it is repealed many 
times. 

(b) Tlio range of stress, and not tlio maximum 
stress, determines within certain limits the 
iiumbor of repetitions before fracture. 

(c) For a given maximum or minimum stress 
the numbor of repetitions before fracture 
increases as tlio rango of stress is diminished, 

1 " Resistance of Tran nml Steel to Reversals ot 
Direct Stress," lust. (Hr. ling. I‘roe. elxvl. 78. 

1 Testing of Materials of Construction, 1010, p. 371. 
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and there is a range of stress called the limiting 
range, at which the number of repetitions is 
infinite. 

((/) '1'hc limiting rnngo of stress diminishes as 
the maximum stress increases. 

Wohler’s work was continued on tho sumo 
machines and eon firmed hy iSpnngenborg, 
whose results, however, were not so consistent 
as tho original work by Wcililer. 

Results published in 1880 by Taker, 1 who 
had experimented with soft and hard steel 
(28 unci n l: tons per square inch respectively) 
unci 27-ton rivet iron, wore in complete agree¬ 
ment with Wohler’s researches. 

A considerable number of experiments on 
the efieet of varying values of the minimum 
stress on the limiting range of stress have been 
carried out hy Haigli, 3 

In If)l. r t ho reported a series of tests on mild 
stool to the British Association. These are 
summarised in Table 2(>. 


Taiu.k 20 

ltmi.mio iStuuss Titsrs on iUimi Sr cur. 


Ultliiiato 

Static 

Stress. 

Totis/ScpTu. 

Limiting 
Minimum 
Stress. 
Tcms/Sq, In. 
A. 

Limiting 
Maximum 
Stress. 
TOIIH/ttn. 111. 
11. 

I.llllltlllR 

1binge of 
Stress. 
Toiih/Sci. In. 
il-A. 

20-0 

•1- 4 05 

-1-21-55 

17-5 


- 0-88 

-1 20-02 

21-5 


- 7-3 

-1-17-20 

2-1-5 


- 13-0 

-I-13-00 

20-0 


—10-110 

-1- 0-5-1 

23-5 


-20-10 

-1- 1-10 

21-5 


-21-05 

- 2-15 

Hi-fi 


The results are plotted in Fig. l)li, from which 
it is seen that— 

(1) When tho minimum stress is zero, tho 
tango of stress is approximately 21-0 tons per 



l-’io. 00. 

sfiuaro inoh, i.c. a tensile stress of 80 per cent of 
tho ultimate stress is sufficient to fraoturo tho 
material when repeated a considerable number 
of times. 

I “ Notes oil tho Working Stress of Iron and 
Steel.” Anier. Hoc. Mceh. Jim/. Proc., 188(1. 

II ltrit. Assoc, lie port, 11)15, p. 103; also hid, of 
Metals i/., 11)17, No. 2, )>, 55. 


(2) When the minimum stress is less limn 
half of the nuigo (i.e. from •1-05 to — 111-0) the 
curve approximately follows (ferhor’s para hula, 
(see § (70) (ii.), otherwise there is a noticeable 
deviation from the parabolic form. 

Results in Table 27 give details of tho 
observations on mild steel when tho stresses 
are alternating (i.c, equal tension and com¬ 
pression). These confirm Wohler’s deductions 
b and c, given above. 

Tarm: 27 

Ar.TKiiN.vriNo Strums Ticsts on Mir.n St mil. 


Limiting range of stress =■-2(1 ■() Inns jn-r sep in. 


Util mule 
Stress. 

Alternating Stresses. 

(ICqtial TenMim nml OompreHslon.) 

(Static.) 
Tnus/Sq. J ii. 

lbinge of Stress, 

Millions of Hyeles 

Tons/Sq. In. 

to A'nietiire. 

20-0 

30-3 * 

0-0113 


- 32-7 

008 


31-3 

0-050 


31-3 

0-1(1 


20-0 

0-J!) 


20!) 

0-80 


28-8 

0-11 


28-7 

I-01 


27-5 

1-37 


27-5 

2-18 


20-1 

1 (Hi 


20-1 

fi-iil) 


25-1 

7-20'j' 


* 3!)-8 (rangci)<=< -I- HW15 to - 11) 05. t 1! lilac ikoil. 


’J’chIh on Naval Brass by Jluigli am hiiiii- 
mniised in Table 28 unci plotted in Fig. fill, 
um! show that for the brass under cmmidiTulinti 
the equation cmmecl-ing miiiiniuiu hIitss mid 

Taiuo: 28 


Itni’KATim J.oAiuNci Tusks on Nav.u, Miia.nk 


Ult-hnato 
Sln-ss. 
(Static.) 
Tons/Sq. In, 

Limiting 
Minimum 
Stress. 
Tmis/Hq, In. 
A. 

Limiting 
Maximum 
Stress, 
Tons/Sq. In. 
Ii. 

Limiting 
Kan go ol' 
Stress. 
Tons/Sq. I n. 

:ij-a. 

28-7 

- 1-0 

-I-1(1-5 

17-5 


- 3-t 

-1-15-8 

111-2 


- 0-fi 

-1-14-5 

21-0 


-12-0 

-112-0 

2-1-1) 


- 17-0 

-1-10-5 

27-1 


- 20-5 

-I- 8-5 

2IJ-I) 


rnngo of stress is that of a straight line passing 
through tho point whore the minimum stress 
is equal to tho ultimate stress. Haigli nays that, 
as a rule, motala which givo a eomtideinblo 
reduction of area at fracture have a high video 
of tho ratio of alternating stress range (with 
equal tensionancl compression) to tho ultimate 
stress, This usually varies between 1-20 in 
ingot iron mid tho host ,mild steel mid 0 80 
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in high tensile nnrl tool steels in the annealed 
condition. 

§ (GO) BaUSCWNOER’S Til lion V OF FAILURE. 
—Bausehingcr’s theory of failure duo to re¬ 
peated stresses is the only one which has 
received serious consideration. Ho shows that, 
with liars subjected to cyclical variations of 
stress, the elastic limits in tension and compres¬ 
sion take up now positions, the rnngo botween 
the two limits depending on the material and 
the stress at the lower limit of elasticity. Thus 
if the elastic limit is raised in tension by 
overstrain it is simultaneously lowered in 
compression, so that for that condition . of 
loading two now limits arc sot up, which 
Banachingor calls tho milurnl elastio limits. 
Ho showed, further, that tho rnngo between 
these limits was tho same in magnitude ns 
tho maximum rnngo of stress which couhl ho 
applied to tho material an infinite number of 
times without causing fracture. 

Bairstow, 1 in an important paper communi¬ 
cated to tho Royal Society from tho N.B.L., 
lias given experimental results which con¬ 
stitute tho first strong support of Bauschingor’a 
hypotheses, 

' In tho testing maohino used by Bairstow for 
tho purposo of tho experiments, cyclical 
variations of direct Btrcss nro automatically 
produced at tho rato of two por rninuto in 
such a manner that tho extonsomotcr, which 
is of tho Martons mirror typo, is fixed to tho 
speoimen throughout tho test, and in this way 
tho whole history of tho progress of fatiguo is 
observed. 

Whon tho limits of stress aro tension and 
compression of equal values it is found that, 
if tho range of stress iB above a dofinito 
valuo, tho stress-deformation curvo forms a 
closed loop, which is called tho hysteresis 
loop, consisting of two parallel straight lines, 
corresponding to tho variation of stress from 
tho limits of stress towards tho mean stress, 
and two curved portions, corresponding to 
tho variations of stress from tho moan value 
to tho oxtromo values (Fig. 97)- Tho width 
of this loop, which is tho permanent set of 
tho specimen por oyolo, increases as tho range 
of stress increases, but for a definite rnngo of 
stress tends to a limit whioh is not groatly 
exceeded by subsequent repetitions of loading, 
ovon whon this is tho rnngo at whioh fraotnro 
under fatigue oventually tubes plnco. Undor 
these conditions of stress tho mean length of 
tho specimon remains constant. 

Whon tho limits of stress aro unequal the 
hysteresis loop is formed ns before, but is not 
closed, owing to tho fact that tho moan longth 
of tho speoimen gradually ehangos bcoatiBo of 
tho continued repetition of tho samo cycle of 
stress, i.o. tho ehango of moan length of the 
speoimen per cycle is the amount by whioh 
1 Ron, Roc, Phil. Trims. Series A, ccx. 35-55. 


the hysteresis loop is enclosed. Tho amount 
of the permanent extension during tho earlier 
singes of the breakdown becomes considerable 
as the superior limit of stress approaches 
tho statio yield point, and if its value, altar 
tho first considerable stretch lias occurred, ho 
plotted against the corresponding values of 



FIG. 07. 

tho suporior limit, it is found that tho curves 
gradually como into coincidence with tho 
ordinary Btatic “ stress-olongation ” curvo at 
tho yield point, Eli ABO (Fig. 98) shows 
snob a ourvo, in producing which no cyclical 
variations of stress aro concerned, 

Tho principal eonolusions arrived at by 
Bairstow aro summarised thus : 

(a) Tho “ natural elastic range ” is tho value 
to bo used in design, and, with equal cum* 
pressivo and tensilo stresses, this valuo is 
identical with tho “ Wohlor safe range.” 

(b) Tho natural elastic range depends upon 
(1) the material and (2) tho lower limit of 



stress. Tho elastio rnngo whon the lower 
limit is /.oro is less than that with equal tensilo 
and compressive stresses (about lfi por cont with 
axlo steel and 0 per cont with Bessemer stool), 
^c) If a streBH-oxtonsion ourvo is plotted, 
tlio extension being tho valuo of tho per¬ 
manent extension roaohed after ropoaled 
alternations, it assumes tho form found with 
hard drawn copper wire, whioh lias no yield 
point but corresponds with tho curvo FEJITIKl 
of Fig. 98 produced lmclc to tho "natural” 
clastic limit. 
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[d) Recovery duo to stoppage of tlio alterna¬ 
tions of stress is appreciable, being somewhat 
rapid for some materials. Recovery reduces 
tho jjorinnnent ox tension at a given loud and 
can bo greatly accelerated by immersing in 
boiling water for a few minutes, as suggested 
by Muir. 1 

If an inclined lino apt (Fig. 09) is tnkon to 
represent tho limiting minimum stresses, and 
tho limiting maximum stress corresponding 
to each limiting minimum stress is plotted 
on tho corresponding ordinate, a curvo of 
maximum stress ea is obtained. Tho vortical 
distance between the two curves represents 
tho limiting range of stress and it will bo 
observed— 

(1) That ns tho limiting minimum stress 
increases tho range decreases. 

(2) That if both tho maximum and minimum 
stress applied to tho material fall between tho 
two curves, then tho material will not fail 
under a repeated stress having those maximum 
and minimum values. 

§ (70) Tormdt.au for Repeated Stress 
Tests.— Various empirical formulae have been 



Fio. ot>. 


suggested to connect tho limiting values of 
tho maximum, minimum, and range of stress, 
(i.) Wcymugh and Launhardl's Formulae ,— 

If /max.— limiting maximum stress, 

/min."limiting minimum stress, 
ultimate static stress, 

V, 1 =limiting rango of stress when/,„| n , =0, 
2Z a = limiting rango of stress when / Ini „. 

“*/liinx, 

1 Ron. Roc. Phil. Tram,, 1000, cxcill. 1; also Roy. 
Roc. Proc., 1000, Ixvll. 401. 


Weyraugh 2 suggested the formula 

Jill fix, 

where tho stress is wholly or partly reversed. 
Launlum.lt 3 suggested (ho formula 

J inn*. 

whoro tho stress is applied without rovernal. 
Fig. 100 is drawn plotting the values of 



from tho above fornnilao assuming tho values 
of to Ho on Hie inclined lino IIS and 

Zj=| and Z 2 = |. 

Tho Inttor havo boon found to bo average 
values for a variety of materials. 

Tho curved lino for tho maximum stress 
limit derived from Weyraugh and Launhardl’s 
formulno is sometimes assumed to bo straight, 
in which enso one formula covers tho whole 
field of repeated stresses. 

(ii.) Gerber'a Parabolic II elation .—Gerber 
showed that, by plotting tho limiting minimum 
stress as abscissa and tho corresponding siifo 
rango ns ordinate, a ourvo was' obtained 
which, to a first approximation, was para¬ 
bolic. 

Using tho previous notation, Gerbor’s para¬ 
bulia relation is expressed by lho formula 

/max. = /""»• + 

n being a constant for tho material. 

§ (71) Repeated StressTestino Maoeunkh, 
—All Wohler’s teals wore carried out at a speed 
of less fchnn 100 rovorsals por minute, and a 
detormination of tho fatiguo rango occupied 
a very long time. 

* Inst. Giv. Kttff. Proc. IxiiJ. 

3 Zcitsch. lies Arch.- and lmj.-Vcre.ins zit Jlnnwner, 
4873 j also, Inst. Civ. Buy. Proc., 1.880-81, Kill 
280. 
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Various machines have been constructed 
to accelerate the test, 

‘.Before describing those machines which 
arc in constant use for this branch of testing, 
it is advisable to explain the usual procedure 
which is adopted in tho determination of the 
limiting range of stress. 

Starting with an unknown material and 
a machine giving 2000 reversals per minute, 
two methods of attacking tho problem are 
used : 

(a) If the amount of tho material is small 
and only n limited mini her of tost pieces can 
bo prepared, a low range is applied to tho first 
test picco, which is innrensed by about 80 per 
cent after ten million reversals, incromonts 
of the same value arc added to tho stress range 
after each additional ton million reversals 
until tho test piece fails, (if tho test piece is 
hollow tho number of reversals can bo reduced 
to five mil- 

Connter ilrluan 
bij Worm and. 

Worm-wliccI 


in order to be satisfied that, if tho test piece 
docs not break, the range applied is within tho 
safe range. 

The machines which are in common use can 
bo divided into four main types: 

(i.) Rotating cantilever machines. 

(ii.) .Rotating bar machines with a short 
length under a constant bending moment. 

(iii.) Direct stress machines. Load applied 
by an unbalanced revolving weight, 

(iv.) Direct stress machines. Load applied 
by tho pull of an electromagnet excited by an 
nitornating current. 

(i.) Rotating Cantilever Machine# far Reversals 
nf Bending Stress .—This type of machine has 
been run successfully at 80(H) revolutions per 
minuto and is shown diagrammatiealiy in 
Fig. 101. It consists of a test piece A bold 
in a rotating chuck B driven either direct 
or through gearing by an eleutrio motor (J. 


.Shaft Bearings. 



Attached to 
Electric Afofor(C) 
Oij Flexible Coupling 




lion,) The 
ran ge is 
tlion known 
to be be¬ 
tween two 
values (as¬ 
suming tho 
material to 
bo homo¬ 
geneous). A second tost pioco is than 
sorted in tho machine and a range applied 
slightly higher than the lower of tho two 
previous values. This range is increased 
by small increments (depending upon tho 
accuracy with which tho results are desired) 
after each ton million reversals, until failure 
occurs. 

(6) lYboro at least four test pieces nro 
available, the limiting range is approached 
from tho opposite diroot-ion. The first test 
piece lias a high range of stress applied to it, 
mid from tho nuinlicr of reversals required 
to fracture an estimate can bo obtained as 
to tho probable range. The next specimen 
is tested under n range still believed to bo on 
tlm high side, and this process is repented 
until a rnngo is obtained under which the 
material does not break. A stress-reversals 
curve can then bo drawn, from which tho 
range of stress can ho estimated with what¬ 
ever aecurnoy is required consistent with tho 
homogoncity of the malarial. 

The method of procedure adopted will 
depend on 

(a) Tho amount of material available. 

{/>) Tim relative cost of preparation of test 
piece and running of l-lio testing machine. 

(c) The importance of the tiino of duration 

-••■'lines of higher speed limn 2000 
it is usually considered 
' ''oveimfs is required 
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Ida. J(U. 

The lost picco is loaded by weight W on a 
scale pun 8, which is attached ft) the test 
piece through tho bull bearing 1). Tho 
connection between tho ball bearing and (ho 
scale pivu is such that the latter call adjust 
ilsolf in a vortical direction without putting 
any constraint on tho ball hearing. 

Tho number of alternations is recorded by 
a counter driven by a worm wheel from a 
worm out oil the machine shaft. The breaking 
of tho test picco usually operates a switch and 
stops tho motor j by this means the nmoliiiio 
can ho run continuously with but littlo 
attention. 

A slight modification of tho counting and 
stopping method is in some eases adopted. 
Tho counter is attached to tho ball-bearing 
lioldor (by which the load is applied) and is 
driven by the inner moo of tho hall bearing. 
Tho breaking of tho test picco causes tho 
counter to coaso recording, and the maeliiiio 
continues to mil, without a tent piece, until 
tho next period of inspection. 

A rotating can tile vor machine which has 
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To fit %"ilJnin. 
Dali 0 cur Ino 


Con Ire Una of 
Dali Roaring 


been running successfully at Uio N.l’.L. is 
shown in Ft ij. 102. 

With a (lending test fcho stress distribution 
over tiio oross-sootiim is unknown if tho elast ic 
limit is exceeded, and tho maximum stress only 
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Dlan i. to suit Tasting , l 
Machlno Qlitich —J- 


(ii.) .Rotating liar Mar!tines.- —This type n| 
muchino was til's!, used by Scnulericker u in 
IKD2. Tho method of tost, is shown diagram- 
imitionlly in Fig. 101. Tho tost specimen 


A'llCD is subjected to n uniform bending 
moment while revolving on its axis. It is 
sii)i])nrtO(l nil swivelling bearings at A and 
1), and tho ventral portion between B and 


M 9—3-0—e-St.' 




—O-C—3—®M 


falls on the outer fibres of tho lost pi coo. Tim 
lost piece is often made hollow, as in Vig. 103, 
the part under tost being only a thin shell. 

Machines of the rotating cantilever or 
Wohler type have been used for researches 
deserihed hy Wohler, 1 Hleml and RiolmrdH, 9 
U. .15, Uiuiloy, 3 K. lingers,' 1 Stanton and 


(! is reduced in diameter. The maximum 
stress (f„„ 1N ) on the test piece is cahmlnted 
from lliu formula 

32 

/».»*. “.Bending moment x 

where d ~ the diameter of the redueod 
]>ortion. Besides 


Hemispheric!,I 

k—-- 3 

- r>%" - 

fin. ton. 


Sender inker thin 
method of lest., has 
been lined by J. 1*5. 
Howard 10 and 
Eden, .lie ho, and 
Oimiiinylium. 11 

(iii.) Direct A7rr.iv 
Machines. — Load 
applied by an im- 
bidaneed weight. 


In 11)02 Osborne 


I’aimoll, 0 J. 0. ltoos, 0 (J. 13. Stromeyer, 7 and 
A. Martens. 8 

They. me made commercially by Alfred J. 
Amslcr & Co., and Tiiiins Olsen Testing Machine 
Co. Tho latter einnpally call them “White- 
Souther oiidimmco testing machines.” 

* llitginemnif . li, 

a Inm anil .Steel fust. J., IDIKl, No. 2. 

3 Iron and .Steel Metallurgist , fob. JiHM. 

* Iron itiul .Steel lml.,1., IliUii. 

6 “ Experiments of Slnnigtli and fa llano Pro¬ 
perties of Welded. Joints/’ Just. G'ie. Hug. True.. 
It) 11, elxxxvill. 

a “Homo Static and Dynamic Endurance Tests,” 
Jut. Assoc. Test. Mat. l‘roe., 1012, Paper V. 

’ Manchester Steam Uhih'h' Ahsoc., Memo, by Chief 
Engliiror, I HI 2. 

" ” l |, nf.lauc Jtoiulhig Teste," Science Abstracts, UU-1, 
No. 1271. 


Reynolds and J. If. Smith 12 deaerihud n thmw 
testing machine, for reversals of h tress in 
whioh simplo direct stresses were produced nn 
a test pieeo hy the inertia forces of reciprocating 
weights driven by a mink mid eiumeeting rod 
from a rotating shaft. 

A machine of tho same typo wus designed 
hy T. E.Stnnton 38 and used for his work on ( ho 
resistance of iron and Hteol to revorsals of 
direct sirens. A diagram of tho inceluinism 

s “ JlojM-atcd Stresses,” Quarter/n Journal of 
Massnchusetls Insl. of Tee/uiohm/, 1HI12. 

10 liiiHinccrliiK Necoril, Meet, 22, LU05; also Inter. 
Assoc. Test, it/at. i’ro c., 11101). 

“ Inst. At cell. Kim. Proa., Oct., Ike. 15)11, 

” ]{<>n. Sue, Phil, Trans. A, 11102, cxelx. 

13 Engineering, 1'cb, 17, 1005. 
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in shown in Fig. 105, which also explains the 
method of huhiucing Mio cranks. 

Four musses SI. reciprocating horizontally 
art! operated by four crunks C. There are 
therefore two independently porfeotly balanced 
systems with cranks set 180° apart on tiro 
same shaft AH, The cranks of one system 
aro at right angles to llio cranks of tiro other 
system, so that tho kinotio energy of tho 
moving parts is thus approximately constant. 
There are four test pieces S, one stressed by 
each reciprocating mass. 

Machines of this typo, however, suffer 
from the disadvantage that the inertia forces 


end to the frame of tire machine in 11 

way that its height can bo adjusted "to 
for elongation, while the lower end is attsndu'il 
to ft frame carrying the armature A * ^ 11 
two-phase electromagnet M x and M a . 

Tho electromagnet is excited by an sal t oi'iiul - 
mg current from a generator giving tl - Httl ° 
wave E.M.F., so that tho pull is nAnumt 
proportional to (voltage/frcqueney) 2 , neiu'ly 
independent of tho air gap, which 1 h 
and pulsates with twice the frequency f>f 
electric current. 

Two small secondary coils wound on friunrs 
are fixed closo to tho polo faces, and tlic volt ngo 



FlO, 100. 


vary with tho Hqiinro of tho speed. It is 
therefore necessary to control tho speed very 
carefully if reliable results nro expeoted. 

(iv.) .Direct Hire,as Machines. —Load applied 
tiy pull of an electromagnet excited by an 
alternating current. 

This mothnd lins been successfully applied 
by U. Rapp, 1 15. Hopkinson, 2 and 13.1?. Ilaigh. 3 

lluigli has introduced several now features 
into liis latest design. Fig. 100 shows a 
maoliino installed at tho N.P.L, and Fig. 107 
illustrates Mio principle adopted. 

Tho test pfoeo W is connected at its upper 

1 " AlteiimtlriB Stress Machine," Zcits. Vcrcincs 
Iknluck, Ivy., Auk. 20,11)1 J. 

1 Hog. Hoc. 1'roc. A, Jon. 31, 1012, Ixxxvl. 

5 FiW interim/, Nov. 22,1012; uIbo Inst.of Metals J., 
1017, No. 2, D, Gfl. 


induced in those coils is measured by n. vi di¬ 
meter and used for calculating tho stvofJH. 

In order that tho pull of the two inagiH'tH 
shall ho of tho sanio amount it is noocHHury 
that tlio air gaps shall ho equal. j\ 11 iui 
adjustment is provided with the maehinn [u 
enable the test-picco frame and mniuturCi in 
bo raised or loworcd during a test until (lin 
ourront in tho two coils and bhorcfojro tho 
air gaps are equal. Tho coils arc conneotud 
to a differential ammeter which read h x.ci'n 
when this condition is fulfilled. 

By tho uho of a choking coil tho voltngo 
readings are rendered ncarty independent, of 
tho frequency ovor a fairly largo ranges, ho 
that slight alterations of frequency during a 
test do not alter the range of stress. 
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The fraino carrying the test piece and 
armature is also attached, below tlio latter, 



to standard springs S, S. The stiffness of these 
springs is adjusted to counterbalance the in¬ 
ertia of the armature, etc., a precaution which 
is very desirable, as it eliminates a correction 
which would amount to C per cent of tlio stress 
range. This adjustment is effected by-sotting 
the springs, so that tho moving system, 
without tho test picco in place, vibrates in 
resonance with tho magnotio pull. 

By oxtending or compressing the springs 
an initial pull or push can bo applied to tho 
test pioco so as to ultor tho magnitudo of t-lio 
minimum stress, 

Thus if Ls= tho alternating strosB applied 
olcotromagnolically, 

ancl /, = tho stress applied by tho springs, 
thou tho maximum stress (/ llin ,.)=/ 0 +/, 
and tho minimum stress (/ m! „.) = 

Range of stress — ^ —/him, - fmini' fe -l-/+/o -ft 

i.e. tho range is not affected by tho load 
applied by tho springs. 

Tho voltmotor ia calibrated by measuring 
tho range of stress (photographically) by a 
special form of optical oxtonsomoter. This is 
shown diagrnmmaticaUy in Fig. 108. 

§ (72) Ebtkot oi? Spkeu on thk Limiting 
Range ob Sthuss.— Reynolds and Smith 1 
found that tlio limiting rango of stress was 
smaller at speeds of 1 ‘100 to 21500 pot- minuto 
than at 00 to 80 oyoles per minuto. Thoir 
conclusions have not, howovor, been confirmed 
by subsequent experiments. 

Stanton and Bairstow,® using a machine 


1 Uou. Soc, Phil. Trans. A, 11102 cxclx. 

1 " Resistance of Iron nncl Steel to Reversals of 
Direct Stress,” Inst. Civ. Eng. Vroc. clxvl. 78. 
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of tlio samo typo, found that a change of 
speed from 110 to 801) did not seriously 
affect tho range, and later, using a machine 
of tho sumo type as Wohler, they found 
that there was no evidence at all of any 
reduction in fatigue strength duo to a rate 
of alternations of 2200 when compared with 
200. 

With respect to Reynolds nod Smith’s results 
Stanton says, “It seems probable that tho 
reduction in fnliguo strength noted by 
Reynolds and Smith ns duo to high rate of 
alternations is a characteristic of the particular 
mechanism used for their experiments.” 
Bairstow 3 says, “ It may possibly he that tho 
decreased range of stress found by Reynolds 
and Smith 1ms some relation to the question 
of recovery, but further experiments are 



to natural periods of vibration in the testing 
machine ngreoing approximately with tho 
period of repetition.” 

Eden, Rose, and Cunningham 1 found no 
speed effect botwcon SCO and 1300 revolutions 
per minuto. 

11 H 011 . Soe. Phil. Trans. Series A, ecx, 35-55, 

* But. Mcch. ling. Proc„ Oct., Doc. 11)11. 
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§ (78) Effect ok Ratio Changesok Section 

AND SUHKAOM CONDITION ON THE LIMITING 
Rang us of Stiikss.—S tanton and Ihurslow 
have shown (hut rapid changes of section Imvo 
a marked elTeet on tin; resistance of materials 
to repeated direct stresses. 

Tho standard lest piece that they used had 


depend on the hardness of tho stool, Ihoii^ 
approximately .72 per cent for the list* - '! hIcc'Ih 
and 47 lo 3n per cent for the wroiigl't L'iijm 
and mild steels. It is, however, n r ot th.V 
notice that even under the circu ni Hlnnimii 
supposed to be most fatal to hard stools, i.u. 
a sudden change of section, tlicso .slotsI h nrn 


Table 20 


Effect ok lUi'in (Ihanoks ok .Suction on tiik Limiting Range of Stress 


Material. 

I'ereenfoiRC Reduction of the Limiting Range of Stress*. 

Specimen Screw cut 
with a Vce Thread. 

Specimen imviiiR a 
Fillet O-OOS in. Radius 

Specimen loll. wit 
perfectly iSliai'l 1 

Coriioi'**. 

.Swed lull Hessumi fHlei'l No. 3 

31 

32 

52 

.Swedish Hesse mer sled No. 2 

30 

28 

53 

.Swedish Ressemer steel No. 1 

33 

32 

52 

Swedish ohurcoul iron . 

32 

35 

4(1 

Pinion-rod steel .... 

33 

20 

40 

Mild steel No, 2 ... . 

20 

28 

4 r> 

Mild nine! No. 1 

20 

28 

3ii 

Wrought iron No. 1 

23 

10 

40 


n fillet of i* inch, and for comparison with 
this they made experiments when (1) the 
fillet was reduced to 00(12 inch, (2) the 
specimen was screw cut with a Whitworth 
veo thread, and (2) tho cornors woro loft 
sharp. 

Tho results are given in Table 20 and 
show— 

(1) That tho resistance of nil theso forms 
are, in every case, far helow tho corre¬ 
sponding maximum limiting resistances of 
tho materials. 

(2) That tho resistance*! of forms (1) and (2) 
are practically the same for any given material. 


very appreciably stronger than wnnight irons 
ami mild steels. 

The results of some experiments, made by 
the author using the Wohler rotating on i nf-ilovor. 
method of lest, are given in Table Ill). The 
standard test piece shown in Fig. lOIJ has a 
radius*of 04125 inch. 

Tho percentage reduction in the ivi n.go in 
seen to agree with tho results obhiii mu 1 by 
Stanton and Bairstow. 

Tho injurious effect of seratohos iti | mi ls nf 
inaohinory subject to variations of streHU in 
now recognised. ITuigh says that drunk a 
develop from surfaco semtehos under t-kl.-rmmiNi 


Taiii.k 30 


Kfkkct of Kamo Cuanokh ok Ni-otion on tub Limiting Range of Stjiess 
{using tiii: Wdiii.Eit Method) 


Material. 

intimate ,Static 
Stress. 

Tons per 

Hi], In, 

Limitlnj! Rungo of Stress. 

Tons per My. In, 

Ma Jtl tnnm 
Roilin' linn 
In H mux. 
l.’oi* imiit. 

Fillet 

gin. Radius, 

Fillet 

‘In. Radius. 

Sharp 

Comer. 

Ninkcl cilmiiuo shaft No. 1 

(11-fi 

57-0* 

484) 

31-0 

40 

Nickel chrome shaft No. 2 

45-2 

400 

• • 

23-4 

an 

Uoiler 1 ‘late .... 

27-0 

2741 

•• 

.10-0 

42 


* 57-0=-I-28-5 to -28-5. 


mu] that tho ratio of tlicso resistances to tho 
oorresponding maximum limiting resistances 
does not vary greatly for tho difforont 
ilia tori ills. 

(8) That in tho case of tho specimens having 
a sudden change of section, the percentage 
reduction of tho limiting range appears to 


porcoptibly lower than tho normal. J'n hi mm 
oxporimonts carried out by tho autlmv Mm 
altornnto stress range of sumo noro emnh- 
ahaft material was reduced from 7(14) ( -t- 28 In 
-28) to 40-0 tons/sq. in. by a filuiri > HomlitJi 
O'OOil in. deep. 

TJiuro seems to bo no doubt tho,fc irumy 
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fatigue failures attributed to faulty material aro 
really iluo to unsuitable) fillets, Hlinrp camera, 
or surface scratches left during the process of 
machining. 

§ (74) it li.SISTAN OB OP MaTBIIIADS TO COM¬ 
BINED St hush ns.—Frequent eases of tho 
combination of stresses aro met with in 
engineering practice, and the question of the 
resistance of materials to thoso stresses is 
now recognised as being of considerable 
importance. 

Stress applications may bo of three types : 

(i.) Simple stress or stress in ono direction. 

(ii.) Biaxial stress or two stresses acting in 
directions at right angles to each other in tho 
samo plane. 

(hi,) Tria.xiul stress or tho application of three 
stresses at light angles to each other. 

With simple stresses, direct tension or 
compression, tho practical constants (modulus 
of elasticity, clastic limit, yield stress, ultimate 
stress, Poisson’s mlio) uro taken us a basis for 
design. With complex stress distribution the 
question arises as to tho way in which theso 
constants nro to ho used, and several different 
theories have been expounded to account for 
tho motliod of fniluro of materials under 
combinations of stresses, 

Tho more important cases of compound 
stress, considered from an engineering stand¬ 
point, arc biaxial. 

Shear is an oxampio of biaxial stress because 
it is equivalent l-o the combination of two 
equal principal stresses,* one compression and 
the othor tension, acting in directions at 4fi° 
with the shearing stress. Thus, in Fig. 100, 



the stress on the plane AH, at right angles 
to tho axis, is pure shear, tho intensity of 
which depends upon tho diameter of tho bar 
and tho torque applied. This shear is a 
combination of tension along tho ‘15° piano 
01) and compression along tho plane EF. 
It is well known that mild steel and wrought 
iron fracture, in a torsion test, across tiio 
piano AH, i.e. a shearing failure, while east 
iron breaks along tho plane EF (i.e. fails in 
tension) because it is stronger in shear than 
in tension. 

Othor combinations of biaxial stress aro: 

(a) The crank - shaft whioli is bent and 
twisted at the samo timo. This can ho 
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reduced to a ease of tension combined with 
compression owing to the torque producing 
tension and rnrepression on two planes ill 
right angles ns described above, 

(6) The shell of a steam boiler, which has 
to resist circumferential and longitudinal 
stresses, is an example of the combination of 
two tensions. 

(c) Plates, concrete slabs or floors sup¬ 
ported round tho edges and loaded in the 
centre, nro further examples of biaxial stress 
distribution. 

Three-dimensional stress is found in thick 
steel cylindcm under internal pressure neenni- 
ponied l»y a longitudinal tension, also in 
concrete columns with spiral reinforcements, 
ami in hooped guns. 

§ (75) Causes or Faimjub in Combined 
Stress. —Investigators in tho “combined 
stress” field of research have first of all to 
dccido upon what they consider tho point of 
fniluro of a material. Tho elastic theory, 
being based on Hooke’s law, is reliable lip to 
tho clastic limit (limit of proportionitlily or i.‘ 
limit), and therefore, considered mathematic¬ 
ally, tho clastio limit is tho point of failure. 
This limit is dependent on the previous 
history of tho material, and iH therefore 
variable and indefinite. For ox peri mental 
purposes the yield point is used, in a good 
many instances, ns the, criterion of failure; 
this is no doubt duo to the. method of hinting 
which does not allow tho testa to bo continued 
to the point of failure. 

The most important theories advanced In 
account for tho failure of materials under 
combined stresses uro : 

(i.) jM aximum Sir cm Theory (liniikino).-- 
This theory is that tho material yields when 
ono of tho principal stresses reaches n certain 
amount. (Tho stress determined by a simple 
tensile test.) It assumes that a second stress, 
at right angles to tho first, neither weakens nor 
strengthons tho original stress. 

(ii.) Maximum Mini in Theory (fit. Vonnnt).— 
15y this theory failure is assumed to ocelli’ 
when tho maximum strain reaches a value 
equal in magnitude to llmt nt the, yield point 
stress of tho simplo tension or compression 
experiment. 

If a materia! is subjected to two or three 
stresses at rigid, angles to each other, the 
maximum strain theory assumes that' the 
strength is lowered if tho stresses aro opposite 
in sign unci inoreused if tlioy nro of tho samo 
sign. 

Thus if 8,, S 2 , and S 3 are three stresses, at 
right angles to each other, and iq, e.,, and c, 
nro tho unit strains in tho direction of cnoli 
of tho respectivo stresses, also 

E=tho modulus of elasticity (nssuimtl 
to ho constant) 
i and l/cr=Poisson’s ratio ; 


1 Ben “Elasticity, Theory of," § (G). 
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then ]5c l =S l -~(iS g +8 a ), 

Ec 2 =S 4 - ~(S 3 +S,), 
Kc 3 =*S 3 —^(S 1 +S 2 ). 


For aimplo tension S 2 and S 3 may bo taken ns 
zero and 



stress 

strain’ 


which ia tiio expression of tho modulus of 
elastinifcy. 

The maximum strain theory is mathomatic- 
nlly correct if it is nssmned 

(a) to hold within tho clastic limit. 

(b) that liooko’s law is absolutely correct. 

(c) tlmt tho material is isotropic. 

(d) that tho effect of toinpcmturo ia 
negligible). 

By taking tho yield point ns tho oritorion 
of failure, tho variation of “ 1C” between tho 
limit of proportionality find tho yield point is 
assumed to bo without olfeot on iho results. 

(iii.) Maximum Shear Theory .—This theory 
assumes that tho condition for initial yiolding 
of a uniform duotilo matorial oorresponds to 
tho oxistenco of a speoifio shoariug stress, tho 
intermediate principal stress boing xvithout 
olfeot, 

This llicory as originally proposed, by 
Coulomb in 1770, rofora to ntpturo of 
tho material. It is adopted in Guest’s 1 * 
well-known work (1.000) whoro it is used in 
conjunction with tho yiold stress. It is 
approximately vorified by W. Scoblo 3 and 
W. Mason. 3 * 

Wo can assume that simple tension is a oaso 
of combined tria.xial stresses whero two of tho 
principal stresses aro zoro. Applying Guest’s 
law, tho bar must fail in shear, and in this 
oaso tho maximum shear occurs in a piano at 
45°, and tho shear stress intensity is 130 per¬ 
cent of tho tonsiio unit stress. Sooly and 
Putnam 1 find that tho oorroot ratio of olnsf.io 
shearing Btvongth to tho clastic tonsiio strongth 
ia 0-Bo to 0-06, and thoroforo stain that Guest’s 
law which assumes tho valuo to bo 0-/5 is not 
a oorroot statement of tho law of elastic 
breakdown. Bookor 6 found this ratio to 

1 " StronRth of Materials under Combined Stresses,” 
VliU. Mira., July 1000; and 1'hys. Soc. Proc., 1890- 

1001 , xvil. 202 . 

1 SlreiiRtli and Tlcliavlnnr of Ductile Materials 
tinder Combined Stress," Phil. Mari.. Dee. 1000. 

xii. r»:i:i. 

1 '* Mild .Steel Tubes in Compression and under 
Combined Stress,” hist. Mcch. ling. Proc., 1009, 
part iv. 

* Unimrait!/ of Illinois Bulletin, No, 115, Nov. 10. 
1010. 

6 "Tho Strenflth and Stiffness of Steel under 
niaxial T.oa dluff," U Hirer situ of Illinois Bulletin, No. 
85, April 10, 1010. 


bo O-.Ki, and the author 6 obtain**! r ' l, ' a 

of 0-03 to 0-(>S for steels with uH'iiiufo 
strengths of 23 and 30 tons per s qiui n’ iii'-h 
respectively. 

Becker, 1 as tiro result of expenmon work, 
proposes two laws of strength under com 1)itH''I 
stress, viz.; 

(1) That the strength nt tho yiold jioint 
follows the Maximum Strain theory until Iho 
shearing stress reaches tho valuo of fclio «ln’iir- 
ing yield point. 

(2) After this point failure ocoura ' rc I ■'*/> 

to tiio Maximum Shear Theory. 

This suggestion appears to fit in very ’"■‘dl 
with existing experimental work. 

Tho maximum shear stress theory Im« l>uon 
modified by Perry to includo a friotioim I ( cm ni 
proportional to tho stress and porpoi»d'‘»nh»r 
to tho piano of shear. Ho noticed Uml 
brittlo materials fracturo at angles* gn-aliT 
than 45° with tho cross-section ami n.HfUinn'n 
that this is duo to internal friction. 

If 0 = tho angle found cxporiiaiotilnlly, 
M (the coeflicienfc of friction) = tuu */'* 

then 0=4B“-|- ^/2 for tension aiui 0 - -- -I /»'* '/>/” 

for compression. 

For oast iron tho anglo ( 0 ) is found *«» he 
34J°, which gives a valuo of y of 0-3/3. 

If (/>=0, this theory is tho same iih Min 
maximum shear theory, and Perry HUggriilsi 
that this is tho oaso for wrought iron mill 
mild steel. 

(iv.) The Maximum Resilience '1' ft *'.*»*'if. .- 

ITaigh c proposes tiiat tho elastic limit of it 
material under complex stress is ronehod when 
tho onorgy per unit volume attains iv uoi Inin 
dofinilo value. Ho bases this view on liiorino- 
dynnmio considerations, and also find*-* t hut, 
when considorod from tho experimental 
tho results fit in with this theory ImMcr 
than they do with citlior tho imi n iinuiu 
stress, maximum strain, or maximum nlu-uv 
tiicoricH. 

Mallock 0 considers the volume oxtoimimi 
limit or tiio limit of shear as the fmuLt.i u< <ji tul 
limits of a material, and assumes Mini; tiro 
matorial will fail when either limit Iiiih. buan 
renehed. 

§(7(1) Exi'bhiments on Combined Stu khs,- • 
Most experimental work lias been cnrrlod nut 
on duotilo materials. Only a foxv ox|ioik 
meats liavo boon made with brittle maioritilpi 
mid further research in this dirciotit ui in 
needed. 

Test on thin tubes in combined tension mid 

Mia (soil, Inst. Mcch, Eng. Proc., Marc-li J1HY, 

’"Tho Stroiifilh and Stiffness of Stool 11 ■ a*3i-r 
biaxial bonding,” University of Illinois liulicrt-itl. No 
85, April 10, 1010. 

* “The Stmln-Kncrey Function and tho 1 '1 In nr In 
Limit,” Report of British Association, ipio, ,. m i 
Engineering, Jan. 30, 1920. 

! lloy. Soc. Proc. A, 1900, lxxxll, ,,i rt0 

Dee. 1012, p. 400. * 
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torsion have been carried out by Guest, 1 
Hancock, 3 Turner, 3 Mason, 1 and Becker. 6 

Hancock and Turner used the limit of pro¬ 
portionality as the point of breakdown, Guest 
and Mason took the yield point, while Becker 
adopted tho “ apparent" olastic limit. This 
is a point between tho limit of proportionality 
and tho yield point whore tho slopo of tho 
tangent to tho stress-strain curve is 60 per¬ 
cent greater than it is at tho origin. Seely 
and Putnam 0 also used tho “ apparent ” clastio 
limit in their experiments. 

Guest, Turner, and Becker added internal 
fluid pressure in order to obtain an additional 
stress. 

Solid round specimens under tension or 
compression and torsion have been used by 
Hancock, Scoblc , 1 and Smith, 8 while tho 
strength of thick cylinders under internal 
pressure 1ms been determined by Turner, 0 
Cook and Robertson, 10 and Bridgoman. 11 

Crawford 13 used Hat stool plates clamped at 
tho edges and subjected to fluid pressure on 
one side. 

§ (77) Repeated Avitjoations of Commnkd 
Stresses. — With repeated stress tests tho 
limiting range of stress in futiguo is a valuo 
that can bo definitely taken as tho ono at 
which the material fails. 

Although Wflhlor mudo tests umlor repeated 
tension and repeated torsion, his results aro 
difficult to compare owing to luck of specific 
information regarding tho material used in 
tho tests. 

Botli Tumor and Stronioyor 13 liavo experi¬ 
mented with alternating torsion; tho former 
found that tho more ductile materials approxi¬ 
mated to tho maximum shear stress law, wliilo 
tho inoro brittlo samples were more nearly in 
agreement with tho maximum strain theory. 


1 “ Strength of Materials under Combined Stresses,” 
Phil. Man., July 1000; and 1‘lnjs. Soc. Proc., 1800- 

1001, xvll. 202. , „ t _ 

2 lino. News. A up. 2J, 1005, llv., ami Sept. 2, 

1000, lxll., and Phi*. Map., Oct. 1000, Feb. 1008, 
nml Nov. 1008. , _ , 

3 Engineering, Fob. 1000, Ixxxvil., nml July 28, 
1011 , 

I " Mll<l Steel Tubes In Compression and under 

Combined Stress,” Ind. Mceh. Hug. Proc., 1000, 
part lv, , 

* “ Tho Strength nml Stiffness of Steel under 
Tllnxlal Loading," University of Illinois Bulletin, 
No. 85, April 10,1010. 

0 University of Illinois Bulletin, No. 116, Nov. 10, 

i ” Strength nml Behaviour of Ductile Materials 
under Combined Stress,” Phil. Map., Dec. 1000, 

*' Engineering, Aug. 20,1000, Ixxxvlll.; Inst, Merit. 
Eng. Proc., 1000, part iv.; /mt. of Metals Jonrn., 1000; 
Iron and Steel Inst. Journ., 1010. 

5 Engineering, Feb. 1000, Ixxxvil., nml July 28, 

10 Tho Strength of Thick Hollow Cylinders under 
Internal Pressure,” Engineering, Dec. 10, 1011, 
xcil. 

II Phil. Mag., Jan. and July 1012. 

13 lion. Soc. Edinburgh Proc., 101.1-1012, 

13 Manchester Steam Users’ Assoc., Mom. by 
Chief Engineer for tho year 1013. 


Tho only experiments so far earned out on 
combined torsion and bending were those by 
Stanton and Batson. 11 A diagrammatic sketch 
of the arrangement which was adopted is 
given in Fvj. 110. In the position shown the 
cross-section of tho specimen at S is subject 
to a twisting moment WD, and to a bending 
moment W(Z. When the head had turned 
through 180° the moments were equal in 
amount but opposite in sign. When tho head 
had turned through 110° from tho position 
shown tho maximum stress was that due to a 
bending moment WD plus that tints to the 
direct loading, hut as in all cases this stress 
was below tho known fatigue limit of the 
material under reversals of simple bending, 
its offcct was taken to ho negligible, and 
the specimen was assumed to lie subject to 



reversals of tho combination of bending and 
twisting alone. 

§ (78) Alternating Bending Tests hhyonii 
the Yield Point. —Tho principal objection 
to tho commercial adoption of repented stress 
tests is the timo and expense of cmuluoling 
tests in which millions of applications of stress 
are required in ordor to obtain tho result. 

Many machines have boon designed in which 
tho teat piece is broken rapidly under alter¬ 
nating stresses which oxcccd tho yield point. 
Such tests do not give information as to relative 
“fntiguo” strength of materials, hut liavo 
been found useful ns indicating mechanical 
defects, incorrect heat treatment, and brittle¬ 
ness. 

(i.) ArnohlTedinQMachine. 10 —In this test, in 
its latest form, a test piece § in. diameter and 
6 to fl in. long is firmly lixed at ono end 
in a vertical position in the vice of tho machine. 
It is bont backward and forward, through a 
distance of 3 in. on either side of tho vertical 
at a height of 3 in. above tho fnco of 
tho dies, by a slotted steel head llxccl to the 
rcoiprocating part of the machine. Tho 
length of slot is larger than tho diameter of 
tho test piece (usually •$ in. with a slroko of tho 
machine of 1J in.), so that ail impact or shook 
is introduced at each alternation of stress, 
Tho standard speed adopted is (150 alternations 

»* Ileporloflhc British Association, Newcastle, 1010. 

,s " Factors of Surety In Marine Engineering, 
Engineering, 1008, Ixxxv. 608, 
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per minute. The number of alternations to 
fracture is recorded. Arnold and other inves¬ 
tigators improvised aha ping or slotting 
machines to perform the test. 

It should be noted that, in his earlier work, 
Arnold 1 used a test pieeo ft in. square, with 
the force applied 4 in. above the lino of 
maximum stress. The deflection was I in. 
or if-r in, on either side, of tho vortical, ami 



the number of alternations was 1(18 to 2(1(1 
per mimito. 

(ii.) Lundtjrttf- Turner Alternating Impart 
Machine. —Tills machine is especially designed 
and constructed to carry out tho Arnold test in 
order to standardise the conditions employed. 
In place of the straight lino movement of the 
shaping machine a rocker arm is substituted 
(Fif/. Ill) to economise space and, by reason 
of its radius being equal to tho freo length of 
tho test pieeo, maintain a constant leverage 
during the whole stroke. 

Tho mnnbor of alternations are recorded by 
a vecdor counter which stops registering when 
the test piooo breaks. Tho test piece is ft in. 
diameter, but, with this machino, the distance, 
from tho top of tho vice to tho striking point 
of tho 1mmmor is 4 in. instead of 3 in. 
ns used by Arnold in his latest experiments. 

This nmohino is manufactured in tho U.S.A. 
by Quoon & Co., Philadelphia. 

J. B. Kommera 3 of (ho University of Wis¬ 
consin Ims carried out an investigation with 
a Landgraf-Tnrner machine. IIo summarises 
ins results as follows : 

{a) A very important factor in a repeated 
stress test similar to that performed by tho 
Ismdgraf-Turner machino is tho amount of 
deflection which tho specimen receives. When 

* hid, dir, Kvg. Proc. (supplement), 1003, and 
hnguwcr, .Sept, 2, IIHM, p, 227. 

• 3 “ Tlweftted Stress Testing,” Ini. Assoc. Test, Mat. 
Proc., 11)12,11. part ii. Paper V*i. 


the defleotions are less than 0-30 in. tho 
obango in the number of cycles required for 
rupture is very great even for small changes in 
the amount of deflection. 

(/>) Impact applied to the specimen has 
practicall;i no effect upon the number of cycles 
required for rupture. 

(<•) At speeds of about 700 cycles per mimito 
tho number of cycles for rupture is slightly 
less than nt speeds of about lot), but for small 
changes of speed this effect is practically 
negligible. When the deflection is small the 
results on the same material do not seem to 
be as uniform as when tho deflection is about 
(KIO in. or more. 

(</) The condition of t he surface of the spool- 
men lias an important effect upon tho number 
of cycles required for rupture. 

(iii.) Sunkci/ Hand Bcndiurj Test . B —Tho prin¬ 
ciple on which the test is based is to bend back¬ 
wards and forwards a test piece ft in. diameter 
and 4 in. long through a fixed angle until 
failure, the number of bonds and energy 
required for each bend being recorded. Tho 
test is carried out on a machine, manufac¬ 
tured by C. I''. Caselln A. Co., Ltd., and shown 
dingrnmmatieally in Fhj. 112. A flat steel 
spring B lias one end gripped in a vico A 



sllunttlaiF.) 

rmcraml 


MnUioil nf npiilyliiR 
loKliio for cnlibratiiiR 



I'KI. 112. 


whioh forma part of the bedplate, and tho 
other secured to a bolder 0 in which tho test 
piece .1) is fixed. Tho tost piece is also held 
in a handlo 10, 3 feet long, by which it is bout 
backwards and forwards through nil angle of 
91a° located by the indicators If and ]<’. 

Tho cnorgy required to bond the tost piooo 
is measured by tho deflection of the spring B, 
which ia recorded on tho paper attached to 
tho drum G. The horizontal motion of tho 
pencil II is actuated by tho holder 0 
through wires L and M and tho multiplying 

* Bmineerinq, Pol). 15, 1007, p. 200, Dec. 20,1007, 
p. 820, and Dee. 27, 1007, p. 882. 
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'i.'lio wire in kept taut by a spring 

* l Hit this is sometimes replaced by a 

‘ 1 Ringing from the. wire M which then 

<>Voi | V vertical pulley. The motion 
-T'OrLoi! is proportional to the energy 
To bend (lie test pieeo. The diagram 
'*Tt;etl by noting the length which oone- 
*1 Xi ti measured pul! at a known leverage 
' point of bending of the tost piece. 
x ° Voijient of the pencil lmhlor H moves 
L l‘ f >\ through ono tooth of a ratchet 
^ * which is attached to it so that a 
(bttwn such ns is shown on tho 
111 tlin illustration. 
l>l“iuitieal value of the Sunkcy test is 
_ l i' - Hatfield, 1 who carried out tin cxlen- 
ll ' l °5i with it, to ho as follows : 
lo energy absorbed in breaking the 
y Ttist pieeo is practically proportional 
i >l '< id net of tlio averago bonding moment 
lo number of bends withstood. Thoso 
0| ns may bo compared roughly to tho 
lVll U stress and reduction of area in tho 
Tost, i.c. for conditions of increasing 
3Ji « in .general, tho maximum bending 
t'T. increases and tho number of bends 
It is necessary that wo should 
that in a number of instances wo 
>1 Jliiincd high absorptionH of cnorgy with 
CSIlEiilo, 

maximum bonding moment in tlio 
y tost follows tho maximum stress in 
ii- jFii i ily closely, so that tho latter values 
i*o dieted within a few Lons per square 
j.’oih tho Sankoy values. 'J'ho variation 
i«i tho values of tho number of bonds 
£5«Lnlcoy aro rallior wider and of a loss 
talilo naturo. In this respect tho Sankoy 
isorl minutes and emphasises a certain 
y of tho material in a manner not 
rly Lrought out in other teats, oxoopt 
»» to fiomo extent in tho Arnold test, 
it lcnowlcdgo of the quality of tho steel, 
nlyHiH, etc., experience has shown that 
clofinito values of ductility in the tonsilo 
fi in emsmed, for example, by tho reduction 
it, cun ho expected in conjunction with 
vulnes of tensile strength if tho steel is 
font defects. Similarly tho number of 
ir» tho Sankoy test should reach such 
i Avliioh with experience of the test may 
jo fairly definitely established. There 
owover, several outstanding exceptions, 
tmi iily appears that samples, which gavo 
y viilucs well below what has been pro- 

* from an average good steel of tho same 
> strength, were in nearly all eases also 
,-Iuvfc inferior in reduotkm of area.” 

cliitmotor of tho Sankoy test pieeo is 
jt.ticl its free length 1$ in. Owing 
, fact that tho machino, as supplied, is 

i niidil anil Duncan, FT.II. Count Tit si. of Eng, 
builders l‘roc ., March 19, 1020. 


not suitable for steels of higher tensile strength 
than 50 to 00 tons per square inch, Hatfield 
suggests a test piece 0-2 in. diameter and 
free length 1} in. for these sleds. 

Sankoy 2 gives the following constants for 
inferring static test results from those obtained 
on liis hand bending machine ; 

Yield point (Ions per sq. in.) 

initial bending effort in lbs,-ft 

~ (3 ’ 

whero 0—2-1 for steels up to 0-3 per cent 
carbon and 2-7 for medium carlion 
steel. 

Ultimate strength (tons per sq. in.) 

maximum bonding effort in lbs.-ft. 
“ ..I 54. 

Elongation (on gaugo length —4 '/Area) x 
reduction of area 

tinmher of bonds 

■ ~.. i-» • 

(iv.) The Upton. Lewis 3 toughness testing 
machine, manufactured hyTiniim Olsen Testing 
Machine Co. (English agent, Edward fi. 
Herbert, Ltd., Manchester) is very similar in 
principle to the Sankoy inaehine. It is, 
liowovor, operated by a motor or belt-drive 
giving 250 alloriuitions per lninuto instead 



Fio. 11 a. 


of by Jiand, and tho method of measuring 
and recording the energy absorbed is slightly 
difforont. Referring to Fig. 1111, where tlio 
mnehino is shown diagrainmaUeully, the test 
jiieoo 0 is bent haekwnrds and forwards by 
an arm operated from tho adjustable ornitk M. 
Tho onorgy is inciisured by the amount of 
tho compression of the springs EF, which is 

5 .Sankoy, Blount, and Klrknldy, Tint. Merit, ling. 
1 'roe.. May 1910. 

3 Amerlean Machinist, Oct. 17,1912, 
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recorded by the bell-orank indicator G marking 
on a continuous recording paper H. Tho 
form of diagram is shown in Fig. II3a. 



Fia. 113 a, 


(v.) Ollier Investigators and Machines. —Bou- 
domml ! usctl a macliino in which one end of 
the specimen was clamped in a vice and tho 
free end vibrated. The vibrations wore main¬ 
tained clcetrn magnetically, and the oscillations 
wore recorded optinniiy and photographically. 

Soliuehart 3 tested wire under repeated betid¬ 
ing. The wire was gripped in ourvcd-faccrl 
jaws and hont bnekwnnis and forwards into 
contaot with the curved faces. 

Huntingdon 3 applied nltomnto bending by 
means of an attachment to a shaping machine. 

§ (71)) llARuKissa and Auuasion Tksts.— An 
examination of tho methods omploycd in hard¬ 
ness testing shows that oaoh of them falls into 
one or other of two distinct categories. These 
are: 

(i.) Indentation teals, in which tho surfaco 
of tho material under test is permanently 
distorted by tho pressure of a hard stcol 
ball, cone, or knife edge. 

(ii.) Abrasion or scratch tests, in which par¬ 
ticles of tho material whoso “ hardness ” is to 
bo determined nro torn away from its surfaco 
by sliding contact with somo other substance 
whoso corresponding resistance is so high that 
its surfaco remains unimpaired by tho action. 

If each of thoso methods were a measure 
of tho samo definite property of tho material 
which is as characteristic of it ns, say, its 
elasticity, it is evident that the ratio of tho 
results of any two of the methods would ho 
tho samo for every material tested. Com¬ 
parisons between tho results of these various 
tests have formed tho subject of sovoral 
researches which have boon published during 
recent years. Tho general conclusions as sum¬ 
marised by Turner 4 appear to ho that, although 
an approximate agreement may seem to oxist 
between tho various methods whon applied to 
tho caso of relatively pure metals in tlioir cast 
or normal state, yet when tho resistance to 
deformation is duo to tempering or to mechan¬ 
ical treatment no comparison is possible. 

That this should ho so would seem to follow 
from tho consideration that tho resistanoo 
which any so-called hardness is supposed to 


1 hit. Assoc. Test. Mat. 1 ‘roc., 1012, Paper V a 
3 SUM und Jiisen, July ], 1008. 

3 fast, of Metals J., lDlfi. 

* “ Hardness," Iron and Steel Inst. J., 1000. 


measure is that which the body font 

exerts against a complex distribution of hIvohm 
ovor its surface which has partially •■•motl 

or disintegrated it, and it is evident t-hal. Bk 
vahio will depend, not on tho stress count uni h 
of tho material such ns its yield poin t, ultimate 
tensile and shear stresses, but on intoiMiunliahi 
stresses, tho preciso nature and di«ti’***ui ion 
of which are unknown and whoso rat io to tho 
stress constants may not ho tho same* fni* tho 
same method. If, therefore, such 
without qualification, ho defined as tlio Imnl- 
nofls of tho material in its broadest, mmno, it 
is clear that hardness is no more tx cliriinilu 
quality of a, material than is the strong Ml "f 
a pieco of steel of definite dimensions. in Hit’ 
latter case, if tho nature, amount, nii<l <tintri- 
bntion of tho stress are known, its x - c»Hintiinon 
has a defmito value which can bo uahnilaU'd. 
Tho only diffoiouco hotween this caso a 11 cl Hint 
of tho hardness test is that, since in tlio cloloi-- 
mination of hardness there is no jxoHHilriiity 
of estimating tho stress magnitude find (Jinlii- 
hution, wo ate driven more to direct «>l»ior* 
vation of tho consoquences of such (linl ri 1 nit ion 
than to a calculation of those consc*«| nc'iuicu 
from the known characteristics of tho nutk'i’inl. 
Mechnnienl phenomena of tlita kind nro 
familiar to engineers under otlior aspoo ttt, Himh 
as in tlio caso of tho resistance of idtipH and 
airoraft to propulsion ; hut whereas iiii Minna 
latter eases tho problem is to rioter inInn tlio 
resultant force oxorted by tho unknown prosa- 
uio distribution, in tlio presont ciiho, uh in 
tlio corresponding ono of tho resialnrmo of 
materials to impact, tho unknown (|iiiilil.y in 
tho ultimate resistance of tho matorint ti» tlio 
unknown stress distribution. In all tlio (wimiji, 
howovor, the practical inothod of solution in 
an ox peri mental ono, and consists of Hotting 
up a similar, or nearly similar, state of h1to;i.i 
on aspeeimon of tho material whoso bolmviiHjr 
is under investigation, and noting its 

II. Lo Chatolior says, "The problotn thorn- 
foro scorns to ho to establish two or* Llaivo 
methods of reforonoo for hardness, giving uh 
widely different results as possible, ho Mint 
hardness (which is an essentially complex 
phenomenon) may ho studied undoi* nil it a 
phases. Afterwords, for each part-ionlixi* up. 
plication tho reference method which 3 h must 
applicable to tlio conditions may ho iihoiI.” 

That this view is now boing ftOfiojiltnl is 
indicated by tho development, in reeotifc yours, 
of what are called wear tests. Tor oxnm]ili', 
there nro wear tests for monsurin/g H| { . 
particular form of disintegration whitili let F«<«| 
place on tho surface of steel rails duo to tho 
rolling abrasion of heavily loaded 'wIicmiIh. 
Tho characteristics of this kind of wear nro 
tho extremely small amount of the rolntivo 
niovomcnt hotween rail and wheel nml (] i4v 
high intensity of tho comprossivo Btress at 
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the line of contact. On the other hand, there j 
are wear teats of lubricated surfaces in which ! 
the pressure is relatively small mid tho rate of 
slipping large, mid tho same conditions of 
wear occur, without lubrication, with pins and 
check gauges. 

§ (80) InDUNTATION Tksts.—-T ho indentation 
method of determining hardness lias been 
up]died in three ways : 

(i.) Uy testing tho material with itself, 

(ii.) By pressing (statically) a harder material 
into the material under test. 

(iii.) By producing tho indentation by drop¬ 
ping a ball- or cone-pointed hammer on to tho 
material and measuring tho rebound of tho 
hammer or size of tho indentation. 

(i.) The Material teite.il with Itself. —Reaumur 1 
in 1722 shaped right-angled prisms from two 
materials which were to ho compared and 
pressed thorn together. The axes of tho prisms 
were at 00°, and tho right-angled edges oaine 
into contact, forming a cross. The relative 
hardness was measured by the depths of the 
indentations. 

A. Fooppl 2 UBed two cylindrical lest pioces 
of tho material whoso hardness was required. 
They were placed one on tho other, with 
their axes at right angles, and wore pressed 
togothor in a touting machine. Fooppl used 
tho pressure per unit of flattened surfneo ns 
a measure of tho hardness, buonuso ho found 
that tho surfneo of indentation was propor¬ 
tional to tho pressure applied. 

Hnigh 3 has recently ro-introduccd tho test 
with tho substitution of square for cylindrical 
or triangular prisms. Ho gives tho hardness 
numbor as —L/R 2 , 
whore L=tho load 

and It — tho longth of damaged edge of prism. 
Reaumur, Fooppl, and Ilnigfi’s methods are 
shown diagiummaticnlly in Fig. 114. 

Tho necessity for tho uso of two test pieces 
is probably tho reason why this method of 
test is not commonly applied. Thoro is, 
however, no limit to tho hardness of tho 
material which can ho tested, ns tho test is 
independent of tho uso of a lint'dor material 
ns an indenting tool. 

(ii.) The Material tested with an Indenting 
Tool (statically). —Many different hinds of in¬ 
denting tool have been tried and many ways 
huvo licon suggested to express tho rolativo 
indenting hardness. 

Cnlvorb and Johnson 4 and Kitsch. 6 deter¬ 
mined tho load required to produce ft 
permanent indentation of a given depth, but, 

> L'Arl do convertir, 1722, pp. 20ft ami 200. 

* Ann. Phils. Gftom. 03, i. 103-108. . 

3 “Prism Hardness,” Inst. Meek. Eng. Journ., 
Oct. 11)20. 

1 “ Hardness of Metals and Alloys,” Pint. Mag. 
4th series, xvii. 11.4. , , 

4 Mitthcilungen ties Jc.l:. tcchnologischm Gewerbe- 
Museums, Wen, 1801, p. 103. 


whereas Calvert and Johnson used a truncated 
cono and a depth of 3m mm., Kirsoh employed 
a cylindrical plunger of 5 mm. diameter and 
a depth of 0-01 mm. 

Tho test adopted in 18f5fi by tho United 
Slates Ordnance Department 0 was a deter¬ 
mination of tho volume of the indentation 
produced by a pyramidal point under a load of 


1 



Reaumur ( 172 a) 


I 





Foeppl 
PIO. 111. 


I 



Haigli ( 192 a) 


10,000 lbs. A volume of 0-5 oubio inoh wiki 
taken as unit hardness. 

Middloherg 7 used an indenting tool, in Mm 
form of a curved knife edge, for studying Mm 
hardness of tyros. Tho knife edge wan 
J inch long, hntl an anglo of 30®, and „wan 
formed with an edge curved to 1 inch radius. 
Tho reciprocal of the length of tho indentation 
under n load of (iOOO lbs. was taken ns a 
measure of tho Juudness. 

Umvin B also omployed n knife edgo, but 
in his caso it was straight and consisted of a 
pieco of hardened and ground jj-inoh squinn 
steol, 1£ inches in length, Each tool i him 
had four indenting edges having angles of 
00°. Tho material tested was formed into 
test bars x A" x 2J-", and tho knifo edgo was 
placed on tho bar at right angles to its long Mi, 
overlapping it by J inch on cacli Bide. Tim 
hardness numbor was taken as P/II, 

whore P=tho load in tons 

andH=tho dopth of tho indentation in 
inches. 

(iii.) lirinell Hardness Test. —Tho method of 
test devised by J. A. ISrincll 0 in 100(1 in now 
oxtonsivoly employed. A hardened steel hall 
is pressed undor a known load into tho material 
to he tested, and tho hardness number in 
taken as tho stress por unit of spherical area. 
Tho reason why lirinell used tho spherical 
area is not clear, ns there does not appear to 
bo any advantago gained by using it insloml 
of tho projected area (irrf s /4), 

n Itcporl on Metals for Cannon, I860. 

' Engineering, lBfifl, 11. 481, 

8 /list. Civ. ling. Proc., 1807, oxxlx. 

* ” Methods of Testing Steel,” Inter. Atmne-. tat. 

Mat, Proc.., J001 (L’nris), ii. 81. 
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If I’ — pressure in kilograms, 

1) = diameter of Ike ball used in millimetres, 
<1 --dial lie ter of tlio indentation in milli- 
nu'l m:, 

h the depth of indentation in milliniotrcs 
(sen Fig, ] 15), 

thou h = 1(1) - v n ; 'T7/-') „ im . f 
unci Mio spherical area of indentation 

A = 7r DA =—-•{])- */£)*-d s ) bc|, mm. 

The Brinoll .llanhie.sH Number--■ ( 1 — VjA. 

Tlio diameter (cZ) is usually measured by a 
micron inter microscope. By ( ho uso of some 
forms of IJrinell instruments the clopth (A t ) of 
tlio indentation is taken ns tlio test proceeds 
(see § (87)). Willi these instruments the depth 
which is measured is A,,mid not A (see Fig. lib). 
K should ho noted that, owing to (ho rising of 



tension is not tho sa me with different mutoriiils 1 
under similar conditions, tlio ratio of kjh is not 
always constant. It therefore follows that tlio 
hardness number obtained in this way is not 
tiie hardness nuiulicr us defined by Bihicil. 

It is found that tho hardness mini her varies 
with the diameter of tlio ball, and pressure 
employed. Tor strictly comparable results 
fixed values must ho used for ]) and P. Tho 
values standardised by Brinoll nro : 

I):=10 mm. unci P=3000 kilograms except 
for soft materials, when a value of P=G00 
kilograms may ho used. 

(iv.) Variation of Jirinell Hardness with 
Pressure and Diumder of Bull.—O. Benedick 2 
of Upsala showed that within tho range of 
ins tests tho value of (Px “ZD)/A was nearly 
constant, and that with a bull of diamoter 
— mid load of 9000 kilograms BrinoU’s 
hardness inunher=(Px ^/I),/10)/A. 

In order to allow for variation of prcssiu’o, 
II. Lo Cliutelier 3 proposed tlio further 
modification 


at ‘ “ l r «nlncai Tests,” In.il. Mcch. Eng, Pror., 

Nov. 1018, p. 570. ’ 

a Pcchc.rchcs •phgsiguca H phy&ico - rhimiaitcs sur 
Inner an carbolic, Hjwala, ( 01 ) 1 . 

1 llmto do AltUilhirgie, 11)00, ill. 080. 


,V?t x 20,000 
A, V 10 177)00 + 1 V 

where II -Brinell hardness nnnibeiv 

P,=load employed in kiloginni 
A, =sphorieal area of the jm lonLdhoi 
(calculated from tbo tlirumdrr) 
in sq. nun., 

D t =diiunotor of tlio ball uaed. 

Both the equations suggested by lZtctu'dii k 
and Lo Ohatelior aro empyi-ical and only givo 
approximate values. 

E. Moyer 4 in some published results in 
showed (I) that P ~ud n , whero n Ih » L ‘<»i- 
stunt depending on the material, and « in in¬ 
constant for a given material and pci vtsii l ,J iIL 
diameter; (2) that the mean p result J’O pot unit 
area (IP/W 3 ) is constant for a given nnglo of 
indontation, whatever the diameter of Li 1,1 i»dl. 

It follows from Meyer’s law of uotti J.wiiIhihi 
that, as df I.) and P/.JttcZ 2 aro coUBtunt for 
similar imientations oil the sumo jimtmlnl, 
P/.l) 3 is also constant, 
whero P = pressure, 

d = diameter of impression, n ml 
I)=diamotor of tho bull. 

This relationship is useful whero tho jnuro of 
material is so small that a prossuro i>T HOIK) 
kilograms cannot bo applied with it IO imn, 
ball. J.t is then only necessary lo u*io n 
smallor ball and a load determined by tlio 
above rolationship to obtain tbo »tmi chin! 
hardnessnumberrequired; thus, if n bull o nun. 
diamotcr( =3.‘) 1 )is used, tho load to bo *vt>p)icul in 

PxD, 2 3000 x b 2 

I)* * =S —!(>**— = lulogntiiiH. 

Sotno results obtained by Baker c mid given 
in Table 31 allow remarkably good upci-oiniiriit 
of tho hardness numbers obtained in thin way. 


Taiii.h 31 

CoMrAiusoji oii* BuiNKr.i, lUmwuss Numhkuh wiimn 
osinci IUi.i.s ok DimoKKNr Dr.iMi-i'r juiM 


.Stool. 

Diameter 
of Pall In 
nun. 

Diameter of 
Impression, 
min. 

Load. 

&«. 

HililcJI 

Me a 

A 

10 

0'3 

3000 

H5 


7 

<l-t 

1-170 

ttfi 


5 

313 

7b 0 

H7 


M0 

()• 718 

42-ii 

«(J 

B 

10 

4-75 

sono 

1 oil 


7 

3-33 

1470 

IDS 


5 

2-35 

750 

1 (Ml 


M0 

0-507 

42-5 

IfiB 

G 

10 

3- IS 

3000 

firm 


7 

2-13 

1470 

BOB 


8 

1-75 

750 

BIO 


1-10 

0-411 

42-i> 

Bit 


Xeils. 'Vereines Jieutsch. Ing„ 1008, «>, 
I ml. Mcch. Eng. 1'roc., Oot. 1018, p. 


O'lli, 
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(v.) Hi. re of Test Piece and Effect of Time on 
the He stills and the Application# of the Brinell 
Hardness Tent. —If. Monro 1 found that 

(1) The depth of the indentation in a Brinell 
test should not bo greater than 1/7 of the 
thickness of the test piece. 

(2) The centre of the indentation should 
not bo less than 2£ times its diameter from 
the edge of tho test piece. 

The time during which tho pressure is 
applied is important. It is found that tho 
tinio effect is most marked up to about 10 
seconds’ application of tho Load, but after 
about 10 seconds tho effect is very small. 
Consequently it is usual in specifications to 
draft the Brinell hardness test clause as follows: 

“ Tho Briuoll hardness test, where specified, 
shall ho mudo with a 10-mm. diamotor hall 
and a load of 3000 kilograms, which shall be 
maintained for not lew than 15 seconds. Prior 
to testing, tho skin of tho sumplo shall bo 
removed by filing, proper grinding, or machin¬ 
ing at the point to bo tested.” 

Among the most important applications of 
tho Brinell test are the following : 

(i.) For rapid control of chemical carbon 
determinations during iron and stool smelting. 

(ii.) For testing finished articles without 
damaging tho same, suoli as rails, tyres, 
armour plates, gun-barrels of all kinds, struc¬ 
tural steel, otn. 

(iii.) For examining tho nature of tho 
material in entire or broken parts of machinery 
where tho making of a tensile test bar is 
impossible. 

(iv.) For testing tho degreo of hardness and 
softness obtainable by tho thormnl treatment 
of any steel. 

(v.) For testing uniformity of tempor. 

(vi.) For ascertaining the offootof tho nature 
and tomporaturo of various hardening fluids. 

(vii.) For studying tho ofTcct of cold working. 

It Iiab been shown by numerous observers 
(Ast, Breuil, Brinell, Charpy, Billner, Lo 
Chateller, etc.) that there is a closo relation¬ 
ship between the Brinell hardness numbor and 
tho ultimate tonsilo strength of a material. 

Dill nor 2 finds that, in tho caso of steel, 
tensile strength in toiiB/sq. in, —0 x Brinell 
hardness numbor. Tho values of “ C ” iud 
as follows: 


llrlllull Huniiu-sa 
Ko. 

V 4 .iuo. 1 ce." iioii 

IVlltemrO liori.nl to 
tllB llil cell OH 111 
lli.lllllK. 

Villlioof "C." Hall 
l’n-sauro III tlio 

Dlr.-etloi. of IIoIIIuk- 

Below 170 . 

Above 170 . 

0-230 

0-210 

0-225 

0-20G 


1 " Investigation on tho Brinell Method of deter¬ 
mining Hard ness," Inter. Assoc. Test. Mat. Proc., 
1000, No. 0. 

2 “ Jlesenrehes concerning the llelation botweon 

Hardness Nm'nlior and Tensile Strength,” Engineer¬ 
ing, Nov, 0. moo, p. C38. 


Unwin 3 deduced tho following constants 
from a table compiled by Hadlicld : 

T =0-2H-Ml, 

Y=o*2:iH-i:ir», 

where i-I is tho Brinell number (in kilogrammes/ 
sq. mm.), 

T = Ultimate tensile Htrcngth in tons per 
sqmu-o inch, 

Y = Yield stress in tons par square inch, 

§ (81) lluiarm, JIawjnush Ticstino 
Maoiunus.— Tho Brinell hardness test is quite 
conveniently carried out in any inacbino in 
which a pressure of 8000 kilograms can he 
accurately applied, such ns a universal testing 
mauliine having a compression attachment, by 
tho use of a special too) for holding tiro ball. 

Special machines have, however, been 
developed for (ho 
pur peso, and 
these am of two 
main types; 

(а) In which 
tho load is applied 
by oil pressure 
and measured by 
a pressure gauge 
or dead - weight 
control. 

(б) Dead-weight 
or lover mac Inn os. 

(i.) Jackman's 
Oil Pressure 
Brinell Machine. 

•—An oxamplo of 
tho first typo of 
machine is shown 
i u /'’({/. 110. This 
ia tho apparatus 
supplied by J. 

W. Jackman & 

Co., Limited, 

Caxton IToubo, 

Westminster, of 
tho Aktiobolagot Alpha (Sweden) design. 

Tho ball IC iB attached to tho downwardly 
noting ram of a hydraulic press. The lest 
picoo is placed on tho adjustable table S, 
and is raised into contact with tlio ball by the 
hand-whcol r, Tho pressure in produced by 
a small hand-pump, and may bo read directly 
in kilograms on a pressure gauge. The 
nmohino is also provided with a dead-weigh t 
control consisting of a piston, iieeunilely 
fitted without packing, carrying it crons bur 
i, small cylinder a, and weights p. The 
small oylindor ia connected to tho top of the 
press so that tho intensity of pressure is the 
same on tho piston ns on the min. Tho 
maximum pressure is regulated by the weighI h 
]>, and when lliia pressure is reaulied the 

a “ Mechanical Properties of Materials,” Insl. Met ti, 
Eng. Proc., Oct. 1018, |>. <132. 
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piston rises in the cylinder. The pressure 
remains constant ns long as tho piston “ floats,” 
forming a small hydraulic neon mu hit or. 

The small piston is formed by a steel hull, 
and the piston rod has a cup-shaped end 
which presses on tho hall. Any leakage of 
oil past the piston is collected in a reooptaele 
d, from which it is mtumed to tho reservoir 
through tho funnel t, 

Tho pressure is released by opening a vidvn 
v which connects tho top of the pressure 
chamber with tho reservoir. 

(li.) Avery'« Dead-weight Hrinell Machine .— 
The nrrnngomcnt of this mnehino is shown in 
Fig. 117. Tho specimen is placed on Lite 


is then screwed up tightly, to secure the 
locking plate. / and prevent the rotation of 
tho screw. The pressure is then applied, by 
means of a worm and worm-wheel h operated 
by the largo lmnd-wheel <j at the side of tho 
machine. The weights p are “set" for tho 
prescribed load, and the lifting of tho steel¬ 
yards indicates that this load is applied. 

Tho system of levers for measuring the 
pressure is that adopted by \V. & T. Avery, 
Ltd., Birmingham, in nil their platform 
weighing machines, and is found to he ex¬ 
tremely sensitive to small differences of load. 

Tho leverage of the machine can he obtained 
directly by measurement, but it is also 



I 

M 117. 


weighing platen s, ami if of any aonsidorniilo 
sizo its weight is “ tnred off ” by moving one 
of tho sliding poises c upon the woighing 
steelyards until tho weighing system is 
balanced. Tho ball /; is then brought into 
contact with tho test piece by lowering tho 
screw by which tho pressure is applied. This 
-Tnni. quickly by unscrewing tho thumli- 
nt tho top of the standard, and 
screw by tho small lmnd-wheel 
lyod to it. Tho tlmmh-sorov/ 



calibrated by dead - weight loading on the 
platens s. 

§ (82) Tiih Johnson Haudnksh Tiohtino 
Machink {manufactured by Brown Bayloyu 
iSLoel Works, Ltd., Sheffield).—This maehino 
has toxin devised to eimure rapid mid noeunilo 
working and at the same time withstand rough 
workshop use, require practically no nMenlion 
or adjustment, and ho easily movable from 
place to place without detriment. Tho tolal 
weight of the maehino is only 100 lbs., and its 
over-all dimensions nro 28 x 22 x 1)''. Tbwilltako 
test pieces 4.J in, thick, and the indentation 
can be made at distances up to ill- ill. from 
tho edgo. The Arrangement of the machine is 
shown in Fig. 118. 

(i.) Description, of the Machine. —IVosNiiro is 
applied to tho slcol ball A by means of 
tho lover B ami ball-bearing eccentric 0 
through tho single lover 1) and screw E. 
The other end of the lover I) is held by an 
cceontrio in ball-hearings E, to one of which 
is attached tho lever (i and weight M. 
The weight II is raised by tho eccentric If 
when tho pressure on tho ball A roaches 3000 
kilos, and any further inovomont of tho 
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operating lever B tending to apply further 
pressure on the ball only results in raising 
ibo weight still more. 

(»,) Method of nutting Test ,—The specimen 
to be tested (which must hnvo a smooth JUit 
surface) is placed on tho table 
I. The adjusting screw E is 
then brought down until Ibo 
ball A rests on the pre- 
Hiirfnca of the specimen, 
lever B is then pulled 


steel 

puree 

The 




forward until the weight M rises, allowing 
tho pawl J to fall into the toothed sector 
K, which will automatically prevent any 
further movomont of the lever B. Tho 
load may bo kept on for any desired length 
of time by moans of the retaining pawl L, 
which is moved in and out of position by 
means of tho knurled hiuulfo M. In ordor 
to release the pressure tho lever B is replaced 
to its original vertical position and tho adjust¬ 
ing sorew E raised. 

§ (83) Brinblo Purrs. —For ascertaining the 
Brinoll hardness of small and thin specimens, 
snob ns cartridge eases, Budge Whitworth, Ltd., 
havo devised a hand instrument which they 
call Brinoll pliors. They arc shown in Fig. 119 
and consist essentially of a pair of pliers one 
nose of which serves ns an anvil for supporting 
tho cartridge easo C or specimen to bo tested, 


the other nose carrying a cylinder lifted with 
a piston, at the lmck of which is a spring. The 
end of the? pinion atom projects n short distance 
and carries a small hardened steel ball B in. 
diameter. A locking arrangement L enables 
-j- one to adjust tho compression on the 
spring, the usual pressure being 22 Ills. 

To operate the instrument, tho speci¬ 
men is placed between Ibo anvil and the 
ball, mid the plior handles are grasped 
and the pressure applied. This brings 
tho specimen into contact with lire ball, 
and forces (lie 9mil and piston buck 
until tho surface of tho specimen comes 
into contact with the face 
through which the ball pro¬ 
jects. Oonsoquently, tho 
actual pressure between tho 
ball ami the specimen is (piito 
independent of tho pressure 
exerted by hand, 

Tho diameter of the in¬ 
dentation in measured micro¬ 
scopically and the readings 
are guile definite, even on 
hardened spring steel. 

The instrument found oxiensivo use 
controlling the manufacture of smnll- 
arniH ammunition. It 1ms also been 
employed for measuring Ibo skin hard¬ 
ness of many varieties of 
hardened steel articles. 

§ (HI) fl.MAU, MAOIUXKS 

Kin 'I'KH'n no Tin: Bkinki.i, 
Hahdniwh nr Thin Hukkt. 
—(.1 not lain and Banks 1 de¬ 
veloped a 11 Baby ” Brinoll 
maohino for lusting thin shoot, using a bull 
Va hi. in diameter mid a lorn! of 1ft kilograms. 
Tlioy found that great cure bad to be exercised 
in tho manner in which (lie load was applied, 
Two methods of operation were tried, via.: 

(1) Tho lest piece was placed on llio anvil 
and the ball pressed on to it until sudlciont 
pressure was exerted to raise tho balanco beam. 

(2) Tho lest piooo was forced, mu lor n given 


load, into contact with tho ball, *. 
remained in a fixed position. 

Tho second method gave smaller and more 

1 " Development of Brlncll Hardness Tests on 
Thin Brass Sheet," Bttier. Sue, Ted. M<tl. xlx. 7fiH, 
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consistent results than the first, end wns 
therefore incorporated in tho design of their 
linn! nuiehino. Tim load was applied by a 
dead weight of 15 kilos, mid tho diameter of 
tlm impression was measured with a metal¬ 
lurgical microscope with a l(>-tmn. objective 
and a lilnr micrometer type of eye-piece. 

Similar work has been carried out in ling- 
land; 1 tho hall used, however, wns l mm. 
dinmnlcr. 

It is csHoul iul for tho measurement of small 
indeiilutions that there should bo vertical 
illumination. 

§ (85) Tint Lumyik Haudni-uih Tkht.—I n 
older to overcome llio variation in tho Briuoll 
hardness iiuiiihor with load and si/.o of ball, 
Ludwik- proposed Mihstituting it 90° eone for 
the lie II, and this form of indenting tool in 
new often UHisl on Mm Continent for tho softer 
metals. Tim hardness number is obtained by 
meaiiH of this test in tho Hmno way as with 
tho llrinell Tost, i.e. llio test loud in kilograms 
in divided by tho surface of tho conical in¬ 
dentation in nip nun,, so that if 
I.'--tho load, 

and d--diamotor of indontation, 
j> 

1 liudnesa iuunbnr:--.M.== . .. ~ 

tt(i// 2) x (<// J'2) 

~0 9(1 '/tl") approximately. 
With this apparatus Llio hardness number in 
tho Hamo whatever (ho load chosen, if tho 
material is homogeneous. 

§ (HO) Mua.huiunu Mioiioskopus foh Haud- 
nhhh Tkht.s.—T or commercial work tho 
diameter of llio indontation is measured to 
tho iioaroNt 005 mm., ami for this purposo 
a mioroHiinpo with a scale in the cyo-picco 



is usually mippliod with tho Brin oil apparatus, 
To facilitate tho reading of impress ions inudo 
in corners or below the gonoml surface of tho 
specimen, tho inioroHuopo is sometimes pro¬ 
vided with a special adaptahlo piece. 

For resenmh work an acoumoy of 0-001 mm. 
in csaontial, and an inslrumonb such ns is 
supplied by tho Cambridge & Paul Instru¬ 
ment f!o., Lid., and shown in Fig. 120, is 

1 At nun’, "A .Small ball llardm'SK Testing 
Machine,” I nut. Afreh. linn. Joitrn., Jun. 1021. 

a Hardness Tests,’’ Inter. Assoc. Test. Materials 
Pm., 11HIH, No. (1. 


necessary for the purpose. It c<» lSli4 ^ 3 V . 
microscope M damped to a tubes L wlueli 
is supported by the framework of t-l>° ’!* 

incut and can bo traversed by t bo 111 ..jj. 
headed screw >S having a pitch" of " 11,1 l ' 

metro. The mierosoopo is fitted vvrldi an 
piece containing cross-wires and if* j>rovmcil 
with a s))ccial focussing medianinm- 

§ (87) Dioi-rir Indicators kolc Ha uhn khh 
Tiists.—I n order to dispense wild* 1-1 ro usa of 
a microscope tho depth of the inciotifcn-ki‘ ui cun 
bo measured during tho test, by iiuun*^ ( d hoiho 
form of depth indicator. Instriinion f-^ (bin 
type, which can bo used in any c(»i*'l ,,<!HH i" M 
machine, arc Bii]>pUcd by Alfred »7 . .A. m inter A- 
Co., iScliiiA'liouso, 3 or tho Scientific) iMntuiialu 
Company, Pittsburgh. 

Tho depth /q (Fig. 115) Li itxouHurril 
relatively to tho original surfnoo < *f Hio 
piece. This excludes tho offcot of l;lio ox Inu-iinn 
round tho indentation, and ns tho nnioimt of 
plastic How varies with different mnfnls imd 
different pressures tho hnrdncHfi tiundiern 
found in thin way are not proper rld< »na.t to the 
Blind! niimbors obtained in tho nmml way 
from tho din-motors. 

§(88) Impact or Dynamic Hahuniwh. - 
Numerous methods have been cloviHCil f<u' 
inensuring indontation hardness l»y Llio now of 
tho indentation produced by onorjzy of known 
amount. This method is comp] ion foil by a 
oonsidoratlon of tho effect of tho rnlmurid of 
tlio indenting limnmor, and there is rx c I lH'oiviiun 
of opinion as to whether tho initial on orgy id 
tho blow or the net energy nh.sorl.ior I in |H'o- 
ducing tho indontation should bo cronniihired 
in calculating tho results. 

Edwards imd Willis 4 used tho initial energy 
in calculating the results in thoir l'eseardi on 
impact hardness. Unwin, 0 on the other 
hand, is of opinion “that there hIicvijIiI lie a 
singlo impnot and that tho energy of i-olioimd 
should l>o deducted from the enorgy duo to 
the height of fall in calculating Imrilnoun. I To 
doubted the method of permitting miucmilvo 
impacts till the energy was oxponcLocl. * * 

A dynamic hardness test was j>ro j loiindod 
by Martel 0 in 1895. Ho used n, j »y ram idol 
point as tho indenting tool, and protluccd the 
indentation by the fall of a rani oil to tho tool, 
Martel found : 

(1) That tho work of tho fallings mm was 
proportional to tho volumo of tho indent, nod 
ho therefore expressed hardness ii-n ( lie work 
required to produce unit volumo of i rid on tnt inn. 

(2) That for equal energies of l.ihnv Min 
volumo of tho indentation was nearly tlm mi mu, 


3 Primrose, “ Hardness Testing,'* hint. Jlferh. Hint, 
Journ., Oct, 1020. 

1 Inst. Mcch. ling. Proc., May 101B, pp. Sluri-JlftO. 

* “ Hardness Tests," Imt. Mcch. I*r<u\, jins, 

p. !i78. 

* Commission des Mdlhotles d'licmi.i efett Htnldrirnix 
de 6'ojisfraeii'ojt, Paris, 1805, Sect. A, j>. idO.J . 
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ishig indenting tools of slightly different 

luithor carried out a series of expori- 
1 which confirmed the first of Martel’s 
stums. Ho showed further that, when 
it 10-nun. diameter hall, the ratio of 
'nnniio hardness number to the Brinoll 
jhh ninnhor was approximately 1-5 over 
jo of Brinoll hardness from 20 to (180. 
yriamic hardness inimber was taken as 
cm l uni to tho neb energy in kilogram 
i divided by the volume of tho indenta- 
i cubic contimetres. 

dynamic me l hod is usoful for deter- 
; the indentation hardness values of 
i at high temperatures, under which 
ioiifi tho standard Brinoll ToBt cannot 
ivonienlly carried out. The indenting 
i the dynamic tost is in contact with the 
ion for such a short interval of time that 
:>t appreciably affected by tho heat. 

19) Dynamic Hardness Testing 
inks.-— A moving anvil block is supplied 
. & T. Avery 2 to adapt their land pon- 
. iin])act maehino (sco § (100)) for dynamic 
~>ns tests. 

O) The Pklmn Hardness Testing 
JA.TUH 3 is made in Baris by Bh, & ff. 

. and is specially designed for determining 
rdno.sf! of thin materials. Tho indenta- 
h produced by a falling liar of known 
; having at tho lower end a s(eol ball 
2-5 mm. in diameter. Tho 
release of tho indenting tool is 
arranged cloctromagnolically. 

§ (01) Tiie Auto Punch, 
designed by Itudgo Whitworth, 
Ltd., and shown in Fig. 121, 
is a convenient and service¬ 
able form of impact lmrduoss 
tester. It was originally 
designed for testing oasc- 
lmrdonod nurfuccs, but has 
proved valuable in testing 
materials of every grade of 
hardness, even pure lead. 

It consists essentially of 
a knurled hollow cylinder C, 
from one end of which pro¬ 
jects a plunger P which onds 
in an adaptor and cap for 
carrying n J-incli hardened 
steel ball B. Tho other end 
of tho Auto Punch is closed 
by a screw-in end, in which 
cl centrally a pawl-operating rod : } : x 3 in. 
tho object of which will appear shortly, 
cl tho sliding hammer is a spring which, 
o caso of tho 12 - inch Auto Punoh, 
eft about loO ihs. pressure to compress 

it-sum, “ Hardness Tests," Insl. Mech. Eng. 

Nnv. 1018, ]i. 57fi. 

wintering, xeiv. 303. 

id., April 20, 1017, cili. 374. 


it. A (i-inch Auto Bunch spring rcipiiivs 
about JO lbs. Tho internal meehanism is 
shown in Fig. 121a. The plunger is reduced 
to alxiut I inch diameter for about 1-7 inches 
at it* inner end. Tills part of t he plunger is 
small enough to 
pass right through 
the hole in the slid¬ 
ing hammer, and 
will do so when 
tho sliding pawl is 
moved sideways by 
the pawl-nporating 
md already referred 
to. 

When the Auto 
Bunch is not in use 
tho inner end of the 
pluugor rests on the 
pawl in the sliding 
hammer. When tho 
hall is applied to 
tho article to ho 
tostod, and tho 
knurled barrel of 
tho Auto Punoh is 
pressed towards tho 
article, tho hammer 
is forced hack, com¬ 
pressing tho spring, 
and continuing to 
compress it until 
tho taper end of 
tho pawl-operating 
rod presses tho 
pawl to ono side, 
and allows tho com¬ 
pressed spring to 
drlvo tho hammer 
forward until tho 
front faco of tho 
latter strikes tho 
end of the lurgor diamotcr part of tho plunger. 
Tho kinetic cnorgy of tho hammer is, of course, 
nil up to tho moment of its release, so Hint 
howovor rapidly or slowly tho Auto Punch 
may ho worked, tho energy of tho sliding 
hammer will bo the same. This energy will bo 
used up in deforming and heating tho hammer 
and plunger whore these strike ono another, 
also tho spccimon ami hall. Although the 
energy of tho hammer is practically constant, 
the proportion of the total energy delivered |o 
the specimen varies according to the hardness 
of tlio specimen, Tho softer the specimen, 
the greater is tho proportion of tlui lobd 
cnorgy spent in deforming it. 

The diamotcr of tho indentations produced 
by the Auto Punch follow thoso produced by 
tho Brinoll tests on the same class of material, 
If a Brinoll ,Standard Block is employed in 
cheek from time to time the readings of (he 
Auto Bunch, the latter instrument can lie 
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used as a quick way of uscorUining tlio I 
approximate Ili-im'JI hardness. In oases whore 
mi Auto Tiinch is used to ascertain whether 
deliveries arc to (ho specified Brinoll hardness, 
it in wiser to use the Aul.o Punch as a “ work¬ 
shop ” gunge, and to employ the Triad! 
inaehiiio na an “inspection” gauge on all 
specimens which the Auto Punch shows 
to ho near one or other of tho liniiLs of 
hardness. 

$ (tit!) Til 10 SiKiitH Scu.T'iJioscoPK * is a rohound 
instrument for measuring hard ness. A Hinall 
diamond-pointed hummer about J inch long 
u ml ! incih diimintcr, weighing •,'* oz., is allowed 
to fall freely from a height of lf> indies. Tho 
height of rebound nf tho hummor ia nieimurod 
against a senle, graduated into 140 equal parts, 
mid ia taken ns a mcnsiiio of the hardness. 
The shape of the diunumd striking point is 
slightly spherical mid blunt, being about 04)20 
inch in diameter. 

The instrument is one which do|ieil(l8 oil 
the production of a. permanent indentation 
hy thin point, the rohound fining diminished 
by tho work expended in producing tho 
indentation. With rubber no perm tin out 
indentation is produced, anil tho height of 
rohound is tho sumo ns that from a modorately 
hard sleol. 

Tho instrument is provided with nn ingenious 
iiiitomiitie head hy numns of which tho hammer 
is lifted mid released by air pressure from a 
bulb. 

Tho Httlomscopo and Brinell hardness scales 2 
have been shown to bo gonorally closely related 
throughout tho hardness range. Tho Brinoll 
hnvdncHH iiunilior divided hy six is approxi¬ 
mately equal to tho Soloroscopo number; tho 
ratio up pours to inorenso from 6T» for soft 
stools to H’O for imitorinls of over 700 on tho 
Brinell soldo. Tho applications of the Srloro- 
scope arc therefore similar to tlmso enumerated 
for (lie Brinell test in !j (K0). 

Tim .Seleroseopo readings have been found 
lo he slightly dependent on the sizn of (ho 
piece tested. This variation can bo eoii- 
Hidemhly reduced hy clamping (ho lest piece 
to a (inn foundation. Most materials are 
meiilianieully hardened hy indentation. It is 
therefore important to onsuro that (ho inatorinl 
in not tea toil twice on tho same place, otherwise 
high results are obtained. 

§ (Dll) A suasion on Scratch Tksts.—T ho 
abrasion tent bus been applied in three ways: 

(1) As a scratch lest. 

(2) By drilling or grooving with a hardened 
uteri tool or diamond. 

(It) By wearing away with or without an 
abrasive. 

1 "An luslriiment for testing Ifanlness,” A . mcri - 
am MudiinM, IU<>7, xxx. 815; also " Tho Belcro- 
juiiine,' 1 Amir. San. Tent. Mat, I'roe., 11(10, X, 400. 

» SI uni on uiul Itnlson, " Hardness Tests Ite- 
jienrch," Hint, AFerJi. Jilta. f'roc., Nov. ItUfl, p. 003. 


§•(»•!•) Tim SoitATcn T’kst. —Tho 
has boon frequently used in eonjimetii* 11 %vit 1 
imlotiUition hardness test. In 1722 I/t c' 1 * 1111(11 
used both methods. As an indUf 11 *'*'.* 11 "l 
scratch hardness ho tested niolal.s ^ 

bar whoso liardnesa increased from < >Il ° t ' ,M 
to the other; the position on this l» ir M'liirlj 
the metal under test would scratch 1*»*J icnti-il 
its hardness, Mohs 1 was the first t ‘ ► P - 1 v< 1 11 
scratch hardness scale, which is still Largely 
used by miiicmlugists. Ten minor* 1 -*** weio 
arranged in oixlor from 1 to 10 in hii* 5 * 1 ' Vi ’- V 
that each would scratch tho one liest linlow 
it oil tho list. Tale was taken us ln*-ving » 
hardness of “ ono ” and diamond n. In *■ rdncHS 
of “ ton.” 

(i.) Turner's Schromelerfi —In t] i i H < Inviuo 
a halunccd lover is— 

(1) Provided at its free end with it. <1 in mom l 
point fixed in a vertical poneil. 

(2) Loaded with u sliding weight und 

bruted in order that the sliding 01,1 

ho sot to rep resent known weight h *» t, (ho 
point. 

(3) Supported in such a way that It> <!,ul * IC ‘ 
rotated. 

Tho hardness number is the stwiIIohL weight 
in grammes which will produce a wimtuli just 
visible to tho naked eye on tho aimxiil"’^ uud 
polished surface of tho specimen. 

A sorics of scratches are mnclo with < I i < ■> hiinli- 
ing weights, and tho hardness ktaUdi hh the 
mean lietweeti the least weight whi»*h will 
produce a scratch and tho g rente nt weight 
which will not product) a sera toll. 

A. Martens, 0 in ardor to mnko tho inmn 

dofinilu, (lofincd the scratch harrim>H« ritiniliei' 
as tho load in grammes under which iv c?«»nii’«l 
diamond (fl0°) produces a scratch O-O l in in. 
in width. 

(ii.) A. L, Parsons 7 further modiflml ( lie 
Sole remoter l>y applying tlio loud on (ho 
diamond point by a spring in such a. way Hint 
the pressuro inoronsed ns tho point was c Iruwn 
across the test piece. The place ah Avldnh tho 
soiutoh commenced was noted, anil tho eniTo- 
spending loud was taken ns the 1 1 tininess 
numbor. 

(iii.) The Quadrant Scleromata r. - ~ ■ Thin 
instrument has been devised in tlio i Lodge- 
Whitworlh Laboratory. The moihotl omj iloyctl 
ia to apply a hardened edge or series uf Imrilrnril 
edges to tho surfaco of the test ] ticca in hih-Ii a 
direction that slipping ensues until tlioy *' bile” 
tlio surface of tho articlo. 

The iuBtnimont is made in varimm t v pea 
for testing cither flat surfaces, pin m* or (lit; 

3 TSarl tie Convcrtir, 1722. pp. 2D a mid Him. 

1 Urundriss tier Alineralogte, 1822, Hurt- f, n. 
374. 

‘ Jlirminghnin Phil. Soc. Prop. v. part 11., J.hh?. 

8 SitzungsberieMe den Vcreineu z »r Jit-Ji'inieriniy 
tics ffciverbflcisses, 1888, l>. 41, and 1.881), i». I 117. 

1 Amcr, Journ. of Science, Feb. 1010. 
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inside of cylindrical surf aces. Fig. 122 .slunvs 
a pin under teat. 

Two specially cut Hat rods or files !•’, ami R, 
arc employed, and the upper one is raised until 
it makes ail angle of about- 80° with the lower. 
The pin P is then placed between them and 
the “ file ” lowered until it “ biles ” the pin. 
The nnglo at this point is an index of the 
scratch hardness of the art icle. 

The theory of the instrument has been 
worked out by IT. L. Itenlheote, 1 * who has 
shown that the angle is practically independent 
of the weight and size of the article to be 
tested. A soft bar kohls the top file up so 
that it makes im angle of about 70". A hard 
bar will not hold the top file up until the 
angle falls to about 15 to 20°. Hardened and 
tempered bars give readings between 20 anil 
70°, according to their surface resistance to 



Pm. 122. 


abrasion. Tiio instrument can also bo em¬ 
ployed for measuring fcho coefficient of friction 
between ono matorial and another, one being 
attached to, or substituted for, the iippor. arm, 
and the othor for the lower. 

§(95) “Ditir.r.tNa on Guoovino ” ILuid- 
Bottono 3 measured tho resistance 
to wear ns the time recpiired to produco in tiio 
material a cut of definite depth with ft soft 
iron disc rotating at constant speed unci pressed 
with constant force. 

A. Haussnor 3 dofincd ontting hardness as 
the resistance, per srpiaro mm., to planing, 
when using a ontting angle of 90°. 

Jnggar 4 rotated a diamond point undor 
constant pressuro and at a uniform into, and 


1 Iron and filed Inst. Journ., May 1014. 

3 “ Relation ontvo le i>ulils atomiquo, lo liotils 
spielllquo et la (Iurct6 ilea corps,” Chemical News, 
1870, p. 215. , , , , 

3 “ Das Itobeln von Motallen,” Mill, dee k.k. 

technolog. (Icwerhc-Muscums, Wien, 1802,11.117, 

■> " A MieroHoleromoter,” Amer. Journ. of Science, 

Doo. 1807, iv. 801). 


gavo the! numlior of rotations of the point to 
reach a lived depth as tho hardness. Bauer 
and Keep 5 * both defined culling hardness as 
the rate at which a steel drill, running al, 
constant speed and under constant pressure, 
drills the material. 

§ (90) VVkau Tissts. (a) Using an abradant 
or an abrading wheel (pure abrasion).—Felix 
Robin 0 used cylindrical specimens (50 mm, 
diameter), which ho rubbed under known 
pressure on papers' covered with abrasive 
powders. Bosiwall 1 defined abrasive hardness 
as equal to (1/loss of volume), by grinding 
with an abradant. Behrens 3 used a standard 
powder and measured hardness by t-lio time 
required to polish. 

Gary 3 determined tho resistances to wear 
by tho amount of abrasion caused by 
a sand - blast, and experimented chiefly 
with stones, artificial minerals, nml timljpr. 
W. H. Warren 10 also used tiio siuid-blast on 
timber. 

Jnnuotn/. and Goldberg, 11 and Stoughton 
and Maegregor 13 measured tiio comparative 
loss by grinding. Tho latter, who also carried 
out indentation hardness tests, found that 
tho two methods gavo diflureut comparative 
results. 

(h) Wear by sliding lubricated abrasion.— 
Dcrilion ia constructed a machine in which a 
specimen was pressed on to tho ciroumfereneo 
of a polished w I Kiel turning at a speed of 
H2l)0 revolutions per minute in an oil bath. 
Tho wear was measured by tiio loss in weight 
or reduction ill diameter in tliouHandtha of 
a millimetre after 2,0()l),000 turns of tho 
wheel. 

(c) Wcnr by dry rolling abrasion.—Snnitor 1J 
devised iv machine for testing tire wearing 
properties of rail steel under dry wiling abra¬ 
sion. In this motliod tho specimen (A), fi 
inohes long anil 0-5 inch diameter, was fixed 
inaelmek(B, Fig. 12‘i) revolving at 4.000 r. p. in., 
and carried nenr the free end a ball-bearing (0), 
of innor diameter-1 inch, loaded to produce (» 
pressuro of 205 lbs. ut tho point of contact. 
Tito inner ring of the ball-bearing (I), \ l G inch 
wide) was rotated by fnotion by tho test piece, 
causing the latter to wear. Tho resistance of 
the material to rolling abrasion was taken ns 

3 Keep, "Hardness nr the Workability of Metals," 
Amer. Soe. Mcch. Eng. Trims,, Doc. 1900, abstract hi 
Iron anil Steel Insl. J., 1901,1. -198. 

’ Iron and Steel fust. 1011). 

7 Vcrlmnd. k.k. tfcol. Iteichsanstalt, 1800, xvil, -175. 

3 Anleitung zur mikrochemischen l<l " r 

• BaHmalerialicnkiinde, x. Ilk). 

10 “ StrciiRtli. Elasticity, inul 
N.S.W. Jltmlwnod Tlnibci 
Forestry, X.S.W., 101). 

11 Assoc. Franc, p. I’Arum. 

11 " Hardness Tests,” Amer 

]fln,xi. 707. 

13 See. Nusbanmcr on “Notes u» 

1 totals,” / nter. Assoc. Test. Mat. I 

13 Iron and Steel Inst. 1908, 

/tssoc. Test. Mat. Vroc. li, No. 0, pa. , . 
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being invei'Holy proportional to tho reduction 
iu dinmoter in ien-fhoiiHunrilhs of an inch 
after 200,01X1 revolutions of Lho test piece. 

A similar tent was used by .Stanton ivnd 
Hutson 1 for n scries nf experiments on hard¬ 
ness tests. Thu dimensions of the test jiieco, 
o(e., wnm made slightly larger (linn those 
employed by Snnitur. 

It was shown that the resistance to rolling 
abrasion was approximately proportional to 
Lho ball hardness number, but that the com¬ 
parison was not a safe one, us there were 
frequently canes in which a considerable de¬ 
parture was found from this ratio, c.tj. man¬ 
ganese steel which was well known to bo 
Hiisenpliblo to hardening under pressure. The 
results ooudnned Hanitor’s eonolusioiis, and 
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allowed that, wlmb was actually measured was 
tho rcsistanoo to disintegmlion of already do- 
fonned material, and that this resistance 
depended on the amount of deformation pro¬ 
duced, and liai I lilllo relation to the material 
in the unstrained condition. Tho mothod, as 
n means of predicting (Jin relative resistance 
In woar under conditions of rolling abrasion 
with heavy loads, was comparatively rapid and 
gave the information desired. 

(d) Wear by dry sliding abrasion.—The 
(Sunitor test was carried out with high pressure 
ami very unrnll relative motion. Stanton mid 
.Batson 1 also carried out n scries of tests on 
dry ttlitliny abrasion, in which tho amount of 
relative motion was large, and therefore corre¬ 
sponding to tPie wear of pins, collars, etc. 
This wan dnno by connecting tho abrading 
ring (diameter !)) to tho chunk by moans of 
fin Oldham coupling, no that both ring and 
ipeniimm (diameter-n/) completed a revolu¬ 
tion in the same time, the lino of contact 

1 " IbirilnriM 'lYnls Jtramreh,” Inst, i)lech. ling. 

I’roo., Nov. IlHH, p, 0113. 


remaining fixed relative to tho imuili > 1 |0 - . 

slip per revolution was thon~ 7 r{ I) — fixdies. 

Tho results indicated tlint there wan v ( ‘ r .V l 

hardening of the surface of the mate*)"l 111 
those conditions, and that tho Brimril 1' 1 ' 
number was not a safe guide in prof lit'tiuft the 
relativo resistances to wear of n m ino*'® 
selection of steel. 

§(97) Impact and Notched Bah r l" i.ihtinu. 
—There is no doubt that tho tonnilo (iwA-, "a 
usually carried out, does not giv« till tho in¬ 
formation about a material it i« { ..shi ’t i t i J >1 that 
an engineer should know. A careful ox m urina¬ 
tion of a complete load extension <1 
hmvovor, reveals differences, such as t 1 l* ,; io duo 
to lieat treatment and mechanical 
not disclosed by an ordinary tensilo hut 

the analy»is* * >1 

diagraniB x-tMjiiimit 

riven by Ott n si cl o a’ «• J > ■ «* *'* * 

btor - pencil eo. 

« for applying It Iuih, ocnuisinn- 

aad r—~ ally, boon found 

i -Q- that a nmtoiml 

HPh - ttif ; vh if 1 llllH Hn thifaci- 

; S ! n ^Carrier tonly pivHBi’d lilt) 

i — i j_ir iiSsjsy.., ordinary tniud In I out 

.... 17. ■ \ “~J fails in" j‘l imi in 

B ^ -C a nrnunor vrhioli 

- - 1 lid-11 cannot lioai«!<t< nmrid 

6 for by oiTorn in do. 

sign. Invcfil.ijtuUou 
lias shown i.lmt, in 
WHlllKlllSI'H, J ►filial if 

mauhinory which 
liave fnilotl in I bin 
way havo I )<*i>n imh- 
j octet I to nluMihn. 
Conn o f| u on bl.v, 
various molhods of test havo boon <Jc< visual f o 
give a dofinifo indication of tho abode-r«'listing 
properties of materials. 

§(98) Notoiihu JIaii Tests. —Froot l« **»i from 
tho tendency to amok at sharp cumors, when 
the variations of stress are consuloiui. I»!«*, in a 
property which is very desirable in iiULfcrials 
for engineering work. In order to olit-nin (bin 
information about materials “ brit.flitmus" 
tests, in wliioh the test piece is notoIi4>< l im as 
lo limit tho piano of fiucturo and fhn non- 
traction of area, are omployed. 

Theso notched bar tests avo mnrio in ( cniinuit 
or bonding. Tlio tost pieco is usually tmriu'ii 
liy n single blow in impact, ami tlm <»ii 1 *rgy "f 
fracture obtained directly from t ilts |< »ts ,,f 
energy of tho striker. 

In lOOfl, Oharpy, 3 in a report on ini pnot. hsil<* 
on metals, shows that a statin ionmuit t^vifc is. 
more ofTieftoiously supplemented liy il inif nhcd 
bar bonding test than by any otlmr and 

1 "Ofllclnl Ib'pnrt on Tmpnct Testa of Mt-lap" 
Inter. Assoc, Test. Mat, Vroc., 1009. No, V. liiiiui- 
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hj 8 results seem to indicate that the notched 
)iar bonding tost gives information regarding 
llin fragility of materials which other testa do 
not easily furnish, Oluirpy in the same report 
shows that materials which give good results 
with this impact test have stood well in 
'practice, whereas the same class of materials 
giving low values fail, although the results 
from tiio ordinary static tensile test is the 
same in both eases. 

'Pin, originator of this method of testing 
appears to have boon M. Barba of Lo Crensot, 
who in 1000 described the results of his ex¬ 
periments on the detection of brittleness in 
steel by tests on Hat specimens, notched with 
a 45° notch on both sides to 0-35 times the 
thickness, the radius at the bottom of the 
notch being 0-2 mm. and the total width of 
the specimen 20 min. The specimen was fixed 
in a horizontal position between jaws, with 
the notoii directly over tho edges of the jaws 
and having a pieeo of tho specimen 25 nun. 
long projecting from tho jaws, This pieeo 
was struck by a falling weight of 18 kilo¬ 
grams, Each specimen was provided with 
n number of notches at spaces of 25 mm, along 
tho specimen, atul by making a series of tests 
at different heights of fail it was jsissiblc lo 
predict the energy of blow which would just 
break tho specimen. 

It was soon realised that this method of 
testing revealed marked di lie fences in tho 
behaviour of materials which wore not de¬ 
tected by tho ordinary tensile test, and other 
investigators (Lo Ciuitolior, (’harpy, Fremont, 
etc.) carried out experiments, tho results of 
which wore communicated to tho Congress 
of the International Association of Testing 
Materials hold at Jiudu Fcsth in 11)01. 

Tho report of a coin mission, appointed at 
this congress to investigate tho notched bur 
test, was discussed at the congress held in 
Brussels in IPOtt, but no ndvnneo was mndo in 
tho matter of standardisation except an ex¬ 
pression of opinion that the tent gavo in¬ 
teresting information. Tho German Associa¬ 
tion for Methods of Testing Materials there¬ 
upon took the matter up and issued a report 
in l.i)()7, in which tlioy recommended tho Clmrpy 
method of testing. This consists in tho use 
of a notched specimen, 80 x 20 x 1(50 nun,, 
supported horizontally at tho ends on knifo 
edges of givon form and struck in tho centre, 
opposite the notch, by a pcmduhim. Tho 
notch was formed by drilling a hole 4 mm. 
diameter in tho bar and sawing through from 
ono side, leaving a depth of 15 nun. behind 
the notch, as shown in Fig. 124, Tho span is 
120 mm. 

Tlio question notched bar testing was 
‘ again brought forward at tho International 
■Congress held at Copenhagen in 1000, who 
recommended tho 80 x 20 x 100 nun. Clmrpy 


tost piece, with an alternative specimen, 
geometrically similar but one-third of tho 
size, where the larger dimensions could not lie- 
obtained. The matter was further discussed 
at New York in 1012, and tho recommenda¬ 
tions of 1000 were continued. No particular 
machine for carrying out the tests was selected, 
but further testing research on apparatus and 
test pieces of dilTerout sizes was suggested as 
being desirable. 

The recommendations of tho International 
Association for Testing Materials have never 
boon fully recognised. For most test work 
the standard 20 x 80 x Kit) mm. test piece has 
been found to lie. too large, and dilliculties 
have been experienced with tho notch of tho 
geometrically smaller test piece. 

Fremont suggests a test pieeo 10 x 8 x 80 
mm., placed horizontally on supports 21 min. 


Striker 



span, with a notch 1 mm. (loop ami 1 mm. 
wido (square shape, and made on tho broad 
sido at tho centre of tho length), Fig, 
125. 

In most cases a lest pi coo 10x10 mm. m 
cross-section iB need, but tho form of notch is 
varied. Several well-known types of notch 
are given in Fig. 125. Tho beam test pieces 
are usually tIO ’ mm. long with a span of 
40 mm. 

§ (0!)) Notch ni> Baii Tkstino in Britain. 
—A considerable amount of work hn» been 
carried out, in Britain, on the notched bar 
test. Yarrows dovoloped a notched bar test 
in 1902, in which tho test bar was broken by 
moro than ono blow. Valuable information 
appears to have boon obtained by tins test as 
to tho brittleness of steels used for connecting 
rod bolts. 

In 1902, Izod 1 introduced a Ringle-biovv 
notched bar testing machine, in which the 
specimen 5 b held in a vieo at ono end mid is 
struck by a falling pendulum at tho other. 
This method is tho one which is commonly 
adopted in this country at the present 
lime. 

1 Engineering , Rnpfc. 25, 100'.). 
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Heaton and .luilt! 1 Harried on I, aumo tests in 
1!)0 I, in which tin; test piece was broken by 
a number of blows, llie test bar being reversed 
iietween successive blows. 

In 1008, Stun ton anil Buirstmv 2 and Har- 
bonl •’ communicated results of experiments 
to the Institution of Mechanical Fngincera. 
The main point brought out by ITarbord’s 
paper was the variability in the results of 
individual tests of specimens of the same 
material. I t was 'shown that two identical 
lest |>ieces from the same bar of ordinary 
commercial steel gave results varying from 


r 

a 

to xiu p r . ~L 

-W -I 

f 


Clmrpy 


(Dhnonsfima 
In mllllinctros) 



10*10 ‘ 0 
_1_L 


Mesnager 



U.S.A. 

Bureau of Aircraft 


u-^4- 


t o*w 

_L 


- 4 R 


Fremont 
Fid, 126. 


nanh other by over (10 per cent. This varia¬ 
bility Inis been attributed to— 

(1) The mode of testing. 

(2) The heterogeneity of tho material nndor 
investigation. 

Experiments published by Clmrpy and Cornu 
Thonuvd ‘ show that by careful selection and 
boat treatment it is possible to obtain, in the 
ummo of experiments in notched bar tests, 
curried out on bars of steel of different natures 
or of copper, a degree of uniformity analogous 
to that obtained by means of tonsilo or hard¬ 
ness tests. Variability in tlw results is thero- 
fnro not duo to the mode of testing but to 
differences in tho material under test. 


1 " Tuiimcti Tests oil Wrought .SLccts of Commerce," 
hist. Mffh, Uni/. Prop., JWM, jit, Iv. 1125. 

1 '■ Ifeslslunce of Materials to Impact," hint 
il/rr/i. hnii. I'roe., Nov. 20, 1008, and Revue ilc Mcttill., 
Jlnruli llipl). 

• 1 “ Dlllenmt Aletlioila of Impact Testing on 
Nmolliul BmV’ Jml. Mcch, Eng. I y roo, 9 Ocb.-l)ec. 
J1HIH, 

... ‘,' Vmv .Ksiiorlnumto on .shock Tests," Iron and 
Steel lust. Journ., No, 2, 1017, p. 01 . 


By lill-t there, was conclusive evdiK’ii i< tlml ' 
thorn could be largo variations in tho 
of notched specimens of different'nuttor” 1 ls , tn 
impact, without, any corresponding v»> -i,l, ' tl11 
in any of the characteristics brongli (foil t > »,V 1 llc1 
ordinary tensile t:est, and there wuh o v h'lico 



that this variation was duo to correct or 
incorrect boat treatment. 

§{100) ImpactTkstiho Machines. { j .) ' I ' he , 
hod Test .—Tho I/.od impact test has of j'OCPiit 
years come info great prominence in Oe ►vorn- 
ment spneifleations, owing to the great < t<? m nmbi 
made by war conditions. 

The original lzod nmehino had a. Bbi’ikmg 
energy of the hummer 
of 22 ft.-lbs., and tho 
tost pieeo was 2 in. 
long, gths in. wide, 
and -/atlm in, thick, 
with a veo notch 
005 in. deep. 

The present stand¬ 
ard machine made 
by W. & T. Avery, 

Ltd., iSolio Foundry, 

Birmingham, has a 
capacity of 120 ft.-lhs. 

Tho cross-section of 
the test pieeo is 
10 x 10 mm, and it 
is notched with a 
45° veo notch, 2 mm. 
dcop with a root 
radius of 0-25 mm. 

Tho machine is 
shown in Fig. 120, and consists of a, lioirvy 
bnse B on to which are bolted two struidtirtls 
S,, So supporting tho pivot of tho luui. 

The pondulum P swings on ball bcarIiif^.H and 
strikes tho specimen liohl in tho vico, citn (Haver 
fashion, its point of contact with tho sjHmiinon 
being a hardened steel knife edge. TJio fuj'in * 
and angle of the knifoedge is shown in AVr/. \ 27, 
Tho apeoimon is gripped in a vice V in »uo]f i[ 
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position that the bottom of tins notch is level 
with the top of tins vice, J'Vr/. 128. 

The specimen, in being broken, absorbs some 
of the energy from fclio pominlnm, vvliieh is 
measured by tlic continued and diminished 
swing of tiio pendulum moving an idle pointer 
over a graduated scale. The pendulum swings 



less us the resistance of the specimen is greater. 
The soalo is graduated to givo the notun) 
energy in foot-pounds absorbed by the blow. 
The standard throo-notoli test piece is shown 
at B in /'’»/. 129. 

(ii.) The Oharpy Pendulum Machine .—Tho 
small Oharpy machine has a power of about 30 
kilogrummotres (217 ft.-lhs.) and a maximum 


iWllp/Hff,, /SSjSSv 
Slriltor 



C. EulnrRccI View of Notch 
for Hcnm nml Cantilever 

Type Test Pieces. „ ... 

B, Cantilever Type 3 Notcli 
Test Piece. 

FIG. 120. (Izotl Method) 


striking velocity of 5-28 metres per second 
(17 ft. 4 in. per see.). Tho principal part of 
the pendulum consists of tho hammer M, 
shaped as shown in Fig. 130, and suspended 
at tho end of a light hollow bur. Tho centre 
is suspended on ball-bearings, and an index 
hand is mounted with an easy frictional fit 
and travels over a graduated somieiroular dial 
with the hammer when this rises up nftor 
fracturing tho tost specimen. Tho latter is 
hold in east-iron supports in tho two uprights 
whioh are bolted down to a cast-iron bedplato. 


'The hummer is raised it)) fur action by hand, 
and is held up by a catch operated directly by ' 
a small lever J). The drop is constant and 
1-420 metres (4 ft. 7jf in.) in height. A 
hand brake B, worked by the hand lever (!, 
enables the hammer to be stopped rapidly 
after fracture of the specimen. The woighL of 
the falling parts, position of the centre of 
gravity, and heights of drop counted from the 
centre of gravity, are all delmninod experi¬ 
mentally. The angle of rise after fracture, is 
read oil Irani the graduated semicircle, The 
difference liotween the height of full before 
fracture and rising back after fracture gives 
the work absorbed. Lt is, however, necessary 
in research work to lube into account the fric¬ 
tion and energy absorbed by the fragments of 
tho lest specimen ; tho luttor may ho considered 
to tftko the sumo velocity ns the pendulum it¬ 
self. The weight of the test specimen lining vory 
light compared with that of tho pendulum 
hummer, tho correction is vory slight nnd can 
ho neglected in ordinary practice. 

In order to determine the.work absorbed by 
friction the pendulum is caused to oscillnto 
freely and the decrease in the oscillations duo 
solely to friction is noted down. This gives a 
table of uonections. The required correction 
can also be arrived at by noting tho angle of 
rise of tho pendulum following llinl causing the 
fracture. 

A larger machine is marie, and this has 200 
kilogramiuolros energy and a striking velocity 
of 7*8 metros [Kir scoond. 

(iii.) Guillen/ Machine {[Mary Tup ).—Tho 
latest model of this machine is shown in 
Fig, 131. It consists of a flywheel having a 
“ breaking knifo ” attached to it. Thin knifo is 
arranged so that it can assume two positions: 

(1) Hidden in tho rim of tho wheel. 

(2) Projecting from the rim of the wheel in 
whioh position it is required for breaking tho 
tost piece. 

Tho position is controlled by “ studs ” on 
tho easing of tho mnehino and operated by 
centrifugal forco duo to tho rotation of tho 
wheel. 

Tho rotation of tho flywheel operates a small 
centrifugal pump which elevates a coloured 
liquid in a tube. The macliino is designed so 
(hat when tho liquid is at tho top of the tlilm 
(and reading zero on the energy scale) thorn is 
(10 kilogrnmmetrcs of energy ill the (lywheel, 
When tho flywheel is still, and Hie liquid is 
at its lowest lovol tho reading is therefore (10. 

Tho test liar is planed horizontally on knifo 
edges which havo a 40-mm. gap, Tho front 
of tho machine is covorod with a door which 
is automatically locked when the “ knifo’* is 
out and tho flywheel in motion, 

Tho test, is made by rotating tho flywheel 
to a speed slightly in excess of that ocirraspnnd- 
iag to the zero of the energy scale, The gear 
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is then ninccicil ami the wheel speed the tachometer reading gives the energy Inst in 
allowed to decrease. Immediately the liquid producing fracture, of the lest piece. The knife 
in tiio tachometer tube reads zero the “ outis then set “in ” by pressing the “ in ” stud, 

. (iv.) Fremont 

jj Elevation \\ * Machine,. - The 

' )4 u \ -jrbtz=3^ Fremont impact 

; , 0 > w ‘ r ' 1 * > • LfrCrv- i,,a(!,iin ° coiiHis( « 

! .Ml 41 


t[( .. 









Section A-B 


\ Machine. — The 

u \ Fremont impact 

, . nmeiiine consists 

,JJ . p! 'j <»f a hammer «>f 

■ . |S !.U i into in kilograms, 

I | whieli bason its 

7 If T underside a hard- 

II 1 | I enod stool V- 

j • J : r ’ shaped striker. 

■ | | The test piece is 

: j | placed horizon- 

'VN. ■ j S ^ tally on knife 

—' \ ill edges having a 

I j . ! gap of 21 mm., 

■ J I I ! so that when the 

■ i_ hammer fails from 

■o] 1 a height of 4 

C ] metros the striker 

O ; j hits it midway 

jh m . rjjlfTT A between tiio Riip- 

jl l-B*- ports and exactly 

nnrTTin *>i>p«»Hito to the 

L-J Li ! ^ noteli. 

End View I '•> >n odiatoly 

after tiio blow of 
I tiio striker tiio undcraido of tiio hammer, which 



Details of Hammer and Knife edges 





stud is pressed, the knife springs out and then only possesses tiio energy not absorbed 
breaks tho test pieoo. The absorption of by tiio test piece, strikes against an anvil 
energy from the flywheel Jewel's the speed and carrying two housings provided with tempered 
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sled springs. Tho springs yield under tho 
blow of the hammer mid register by their dc- 
llecthm the energy remaining in tho apparatus. 

Knowing the initial energy of the hammer, 
the energy absorbed in fracture of the test 
piece is found by talcing tho difference. 

(v.) The A mnicr 75-kilogrammetre Pendulum 
Impact Testing Machine ..—This machine is on 
the same principle us tho Charpy machine, but 
some of the details aro slightly different. 

r L'he pendulum is held up by a hook attached 
to u rope which is wound round a windlass. 
Tho tup is released, by detaching tho hook by 
moans of a special release, and falling freely 
swings up on the other side of tho machine 
after having broken tho test bur. instead of 


§(101) h’UHTicKu Partioulaus 01 .' Notch Kil 
Bah Tests.—-T he leading particulars of the 
live principal types of notched bar machines 
aro as follows; 


Type of Machine. 

Striking 

Energy. 

Kg.M. 

Striking 

Velocity. 

JletreslSci:. 

CJhnrpy (pendulum) • 

30 

5-3 

Amskr (pciulu)um) 

7i“ 


3/od (pendulum) 

1(M! 

3-n 

Fremont (fulling tup) . 

2(1 or (10 

8-8;i 

Guillory (rotary tup) . 

(K) 

a •an 


The notched bur test is principally used 
as it moans of detecting ft dangerous con- 


Tami.k ‘12 


Jrxin Tukts on Mathiuai.s Coiiiikoti.v anj* 

iNCOKItKCTI.Y 11BAT-Tll1! AT'E D 


Materials. 

Meat 

Treatment.. 

Limit, of Pro- 
lortioimlity. 
l'oiw/S(|. In. 

Yield Point. 
L’ous/S(|. In. 

Ultimate 
Stress. 
i’ons/Sq. In. 

Elongation. 
Per cent. 

t eduction 
of Aren. 
Per cent. 

A verngo 
Iz.osl 
Finnic. 
Ft.-His. 

Nickel chrmnOBlonl— 
I tiu* 881 
.Dili* 882 

(Wrecl 
Incorrect 

40*4 

3IK) 

•17-8 

45-0 

55-5 

51 -3 

2841 

25-5 

CIO 

<13-7 

780 

l)-l 

Nickel (throino Htecl— • 
Hue-Sill . • 

J)ur SMS . . 

Film'd. 

Incorrect 

:m •« 

31*8 

444) 

Jo-0 

nil-3 

00-3 

2<i-0 

23 0 

0141 

41-2 

02-1 

841 

Nickel ohrornn steel— 
Hue HHS . • 

J lu i 884 

(.'or root 
incorrect 

2(10 

3r.-2 

444) 

44-3 

54 •(> 

54-3 

2(10 

24 5 

CJ7-0 

(MO 

HI-7 

1.4-8 

Niokel oh roil id Hlcel { 

Cotrcot 

luuorrcat 

32 3 

31-0 

44 -3 

42-1 

cn -2 

53-8 

20-7 

20-4 

fltt-5 

08-5 

70-5 

Ifi 4) 

Taum: 33 

OllAHI’Y TKSTHON MATKIWAI.H ('OlinKCTf.Y AND iNfOUBKCTI.Y 

IIkat-tiusatrii (Charpy Method—Izml Notch 

Matorluls. 

11 cut 

Treatment 

Limit of Pro¬ 
portional It.y 
Tons/Sq. In 

Yield Point 
Tons/fkf. In 

Ultimate 

Stress, 

Toim/8f|. In. 

Elongation. 
Per cent. 

Iteduelion 
of Aren. 
Per cent. 

.Energy 

K> 

Fmctiim 

Kk.JI. 

Holler pinto . . J 

C.'orrcot 

Ineorrcot 

18-3 

14-2 

10-1 

18-3 

27-9 

26 0 

42'2 

310 

62-8 

Cl)' I 

C-35 

0-88 

Nickel oliriuncoranl; 1 
shaft l 

Correct 

Incorrect 

270 

200 

33-0 

32-0 

4f»-2 

440 

21 0 
23/5 

51)-2 
570 

10-71 

2’27 


swinging back again, as in tho Charpy machine, 
it is held in position by ft cold passing round a 
drum and acting as a brake. 

On falling from one side, transverse (bend¬ 
ing) testa ure made, whilo <ensile tests aro made 
when tho pendulum falls from the other side. 
Tho energy in the hammer before and after 
tho test is registered on two movable straight 
scales by tho movement of the pendulum. It 
is so arranged that tho second scale raises tho 
pointor on to tho first sente and indicates tho 
actual energy absorbed. 


treatment. 

Tho largo variation in tho energy absorbed 
in the Israel lest duo to alteration of heat treat¬ 
ment is well shown by the figures in Table <!2, 
taken from a paper by Philpot. 1 

Some tests by the author on a piece of 
boilov plate and niokel ohromd crank shaft are 
given in Tabic 33, and show tho same kind 
of variability with heat treatment. 

1 “Some Experiments on Notched Uurs," Inst, 
of Automobile ling. Pro c., April 1018. 
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Jiagiiii.ll Wild inis shown that the brittle ness 
in steel resulting from a high jmreentago of 
sulphur and phosphorus is well marked by 
tbe Izod test. He says, “ Certain steel for 
making nuts and bulls was found to contain 
sulphur and phosphorus in excess of 0T per 
cent; sueh steel invariably failed to givo any 
higher muling than 2 to 3 ft.-lbs. on the Tzod, 
ivhcrea.s n stool of exactly similar composition 
and with similar treatment but with sulphur 
and phosphorus heloiv 0-0(» per cent gavo nn 
I./.oil test figure of over -10 ft.-lbs.” 

§ (102) 1) i mansions op Stan da nn Tkht 
Fikoes.—A lthough thero are several impact 
testers in Britain of the Fremont and Guillory 
fc.yi*c» tlio majority of tiio test liouscs use 
l/.oii or Clmrpy machines. Tho dimensions 
of test pieces for those machinal have been 
standardised and arc shown in Fig. 121). It 
will lie noted (hat in each enso the cross* 
sectional dimensions are JO x 10 mm. mid that 
tlio form of notch is tlio same (the Guillory 
machine uses the same size of lest pieces ns 
tho Charpy maahino, wliilo tlio Fremont test 
pieco is smaller and is described in § (08). 
Tlio form of notch solccted, and sometimes 
called tho Iwxl notch, is a 4:1° vec, 2 mm. 
deop, with a root radius of 0-2i> mm. 

§ (108) Thh Anoi.i: op thk Notoii.-Ex- 
peri meats by Thomas 1 at the Watertown 
Arsenal show that, with mild sleo), tlio nnglo 
of tho notch does not appreciably affect the 
results until it lias exceeded 45°. The results 
that Thomas obtained are given in Table 24. 

§ (101) Root Ilanrus and J Jhx’th of Notch. 
Tlio 10 x l()-iiim. test pieco in which the 
notch is formed by a drilled hole 1‘- mm. 


The shupo nt tho bottom of tho notch lion 
an important effect on the work » Hnul in 
fracture, which Inis its least value as' him f lu- 
angle at the Indium of the notch i« *15* m-urly 
zero as possible. 

Results by Fix, 2 summarised in *!l.'n.l>hr Bn, 
and by tho author (Table 30) show fliin Hhul 
very clearly. 

Tabi.k 35 

limxT or Radius at tiik Bottom or -r« i H Norou 
ox tub Enkhov aiisokiibo in F«a«:ti> ,{I) 


Riokc] chroino steel rod, *» j„ diametor 



Knergy alisorlMoi lu 



Form of Notch. 

1 (Cliurpy 



Ft.-lbs. 

Kil.M, 

2 mm. deep (4 5° vccjslim-p 

2 mm. drop (-IB" vwi) 0'2i> | 

21 0 

25 4) 


mm. root rmlius J 

2 mm. deop (parallel sides)\ 

40 dl 

nn 7 

1 mm. root radios / 

Ta ur.B 

3(1 


0(tB per cent carbon steel, vconolclios, 2 mm. il<->-p 


Jincrgy nl>Hoi-l»n<l In 
Frnofcii m 

(Charpy Macsliliic). 

Root Radius of Notch 
in mm, 


n.*llw. 

riwr.M. 

Sharp 

4 •or, 

one 

0-17 

O' 80 

o-nr* 

0-3-1 

8-31 

i -1 o 

(M18 

13-7 

1 


Taulk .‘14 


Anglo of Notch. 
Degrees. 

Charpy Impact Values. 

Ft.-lbs./Si,. In. 

Anglo of Bond. 

.Maximum. 

Minimum. 

Average of 0. 


0 

301 

200 

285 

15-8 

IB 

340 

283 

310 

15-2 

39 

323 

284 

298 

IB'0 

45 

382 

301 

334 

29'5 

00 

071 

510 

031) 

54-2 

75 

890 

818 

851 

130 

1)9 

830 

800 

814 

130 


llrin.'lt 
ilnnlimsn .ISTn, 


70 

77 
8L 
80 
80 

78 
78 


- -- » I 1 .. -V iillUlIIttUUHUI 

Association of Testing Materials, cannot bo 
produced economically on the majority of 
alloy steels. 

Tho form of notch selected as a standard, 
viz. 4fi 0 veo notch, 2 min. deep and 0-2o mm. 
root radius, does not suffer from this objection 
ns it on n bo easily produced even on tho 
v ’ ‘ «too]a. 

t>y Impact Tests on Neiit-Trcutcd steels,” 
Mat. Proc., 1U1G, xv. 75. 


It hns licen found that the sharpen* tho notch 
is made, tho hotter the test disoniuiiuttcs 
between brittle and tough materials, tlmt iu 
to say, that as tlio material tested boirnmuii 
tougher tho ofl'cot of alloration of tho „it 
radius is loss. 

It is unsatisfactory, onimnoroially, to 
ardiso a dead sliarp notch as it is clinioiilt 

3 “ Singles Blow Notched Bar Impact Teat <iu 
In tlio Amorlcnn Industry,” Amer. Hoc. Vest ., a/.,i 
Proc., 1019, xix. part If, 721. *"• 
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to lio always Hiiro that it is produced. A rout 
radius of. O'2/5 mm. lias linen selected as it. is 
found that, with a radius of this size, the lost 
is still ofl’oetive ill the detect ion of faulty heat 
treatment. 

It has also been found Mint shallow notches 
incrcnso the energy to fracture of tough 
materials relatively to that required fur brittle 
materials. 

§ (105) iSjiai'B of Test Pi ecu. —Pliilpbt 1 
found that a round tost pieeo can lie produced 
which can be used for acceptance tests on 
heat-treated steels in place of the standard 
square speeimou. The latter is, however, fur 
the more dosimblo from the point of view of 
testing and, by properly rigging up for quan¬ 
tity production, it can ho prepared by a pair 
of straddle mills just us economically as llio 
round test piece. 

§ (100) Com i' auikon of Tests on Dikfkiient 
Machines. —Philpot 2 lias nindo a comparison 
of tests in the Clmrpy (beam) and I/.od (eanti- 


sizo of tost piece, notch, distance hrlween 
supports nnd radii of supports msd striker nro 
uuiforni. 

§(107) Effect of Striking Vei.ogity on 
tiik Energy to Fuaotukk. —Hath Bellinger 
and Fremont have found a variation of the 
energy absorbed in fracture with striking 
velocity but in opposite directions. Clmrpy 
has found that the influence of the rate of 
impact is practically negligible within limits 
which do not exceed thuso of appliances gener¬ 
ally employed in the testing laboratory. 

Some teals carried out by the aut hor show 
that, oil a machine of the (’harpy typo at 
striking velocities up to 411 ft. per second, 
increasing striking velocity may either increase, 
decrease or unnllor the energy absorbed in 
fracture according to the matnriul upon which 
the tc.stn aro made. In any case the effect is 
not appreciable until after a velocity <>f Hi ft. 
per nee. is reached, ns is shown by the results 
in Table 117. 


Taiii.h 47 


Hffbct or St hi ici no Vr.c.umrv on tiiii Enkuoy aiihuiiiikd in I'n.icrtiai: 


Material. 

Energy alworlie.d In Fracture. 

HlrlhliiK Velnrlly. 

Kb.'M. 

l l ’t,-His. 

Metrrs/Kci',. 

I'Vel/See. 


( 

4 03 

2<)l 

2-7 

0 


3'83 

27-7 

44) 

10 

Mild Hlocl.1 

• 2-77 

2(1-0 

(M 

20 

1 

2-tm 

1443 

8'8 

20 

. j 

2.00 

200 

4-0 

ID 

Iron ... ' . ; 

2'HO 

20-2 

(54) 

2IJ 

1 

117 

10(1 

KM 

43 


4 •(>() 

28-1) 

2'7 

0 

Nlokel oliroino steel . . J 

4-10 

31-8 

44) 

3(1 


(5*14 

30 41 

131 

43 


1-03 

7-(3 

2-7 

0 

Medium earljon steel . 

1*05 

74) 

til 

20 

1. 

1-0(3 

74i 

KM 

43 


lover) machines on the standard 10 x 10-mm. 
test piece with tho 45° standard notch, 2 mm. 
deep and 0-25 mm. root radius. Ilo finds 
that, where tho energy absorbed is less than 
70 ft.-lbs., notched liar tests, inndo in either 
the Clmrpy or tho Izod machines, give similar 
values, but whore the energy absorbed in 
fracture is greater than 70 ft.-lbs., thero is a 
tcmlonoy for tho values -from tlui Clmrpy 
machine to bo somewhat higher. 

Clmrpy and Cornu Tlicnard a have nmde a 
series of experiments, with a steel specially 
prepared to give consistent results, on “ beam " 
machines of three different types (pendulum, 
vortical drop, nnd rotary) and have found 
that, in regard to energy absorbed in fracture, 
tho results aro practically identical whon tho 

1 " Some Kxperlineats on Notched liars,” Inst, 
of Automobile Eng, Proc„ April 1018, 

2 II,ill. 

3 " Now Experiments on HI lock Teats,” Iron and 
Steel /ust. Joum. No. 2, 1017, jj. 01. 


§ (108) Show Lending Tests on Notoiihu 
-lbuis.—It has been shown by Philpot 1 and 
otliors that, if a notched bar tent picon in 
broken slowly, lira work expended is com* 
jianiblo with that measured by nn impact 
mnohino (at moderately lmv striking velocities) 
mid is equally ns effective in distinguishing 
between certain brittle and tough malei iulH. 

As nn avemgo or a largo number of leafs 
Philpot found that the energy absorbed in 
tho slow bonding test is about 7/5 per (Hint of 
that given by nn impact test (in two or Miron 
cnscs tho energies obtained by tho two 
methods nro approximately equal), and bo 
attributes this difference to energy dissipated 
in tho pendulum testing machine. Tlio strik¬ 
ing velocity in Philpot’s impact tests did 
not exceed 3-5 metres per second, and bin 
conclusions only bold up to that value. 

Philpot for bin slow bonding tests iikoh an 
ordinary Brinoll machine, and measures tho 
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deductions of tlio specimen for different loads 
by moans of n microscope. The results nro 
plotted and the area of the curve is integrated 
in order to obtain the total energy absorbed. 
The Hnniplnp.it Autographic Notched Bur 
Testing Machine, made by the Foster Instru¬ 
ment Company of Lotchworlh, is devised to 
carry out this class of test rapidly and con¬ 



veniently and in a innnnor giving tho maxi¬ 
mum information as to tlio material in a 
minimum time. It is illustrated diagram- 
mnticnlly in Fig. 1,32, and photographically in 
Fig. 133, 

The tost piece A is gripped in tlio vico 
31, so that tlio jaws of tlio vico nro in lino 
with tlio notch in the teat piece. The sockot 
0 is attached on the projecting end of fcho 



Fia. 133. 


tost piece, and is a reasonably close iifc thoroon. 
A bonding stress is applied to tlio teBfc picoo 
by moans of tho winch I) ami the wiro E, 
which is attnohod to the outor end of tlio spring 
liar F. Tlio inner end of the spring bar is 
/irmly fixed to tho socket C. Tlio outor ond 
of tho spring bar is supported by Uvo rollors 
(I uml (!,. Tlio socket (.! carries also a rigid 
bar I I. 

The deflection of tho spring bar F is a 
measure of tlio bending moment applied to 
tlio tost piece. Since tlio rigid bar II is 


not- subjected to any bending jiionioiit ih 
will move through tho same angle * * K ' MO,! ir1, 
0, and this movement will tliorid ‘ * 10 a 
measure of the bonding of tho lord, piece. 
The ]ion J slides upon tho j-igid H. i ( » 

position being dotormined by tlio thin when 
or cards K and L, which arc kcv]>t' taut, by a 
light spring M. Ono end of tho ^ ' H 

attached to a post N so that ns tlx*’ ri gj'l 
II moves in consequence of tho I >o nding of 
tho test piece, tho wire K will tlritW tho pm 
to the light. Tho point of the nuuhti 

lijion a calibrated chart X s curri* * * ^ 1,11 ^ l<> 

spring liar F, thorofoto, if lho toni picoo 
offers no resistance whatever Lo bonding 
force tho pen would draw a horiv^* until! lino 
on tho chart, the longth of whirlt P'''M' ,>r " 
tioiial to tho aiiglo through which 4 ho J'h-' n 
is bent. As, liowever, tlio tost picoo duos nJVor 
resistance to bonding thoro will ho tx- reuniting 
movement between tho spring )mi‘ 1’’ ‘>"‘1 * lui 
rigid bar II. 

The pen, theroforo, draws a diagrini'' nlmwing 
tho rolatiou between bending Diimioul- nppHotl 
and angle of bending throughout tins ilimilinn 
of tho test. Tho total energy uJnnorhoil in 
tlio breaking of tlio test piece can obtained 

from tho area of this diagram. 

Tho maohino oau also bo flbtocl with mi 
integrating dovieo so that tlio onor/^.V rtbuorhod 
can lie read directly from tho nmoliine. M’liiu 
device is shown in Figs. 132-3. r J’lx«> wiro K. 
pusses round a pulley Q. Tlio pullo.v Q in 
attnohod to n spindle Jiaving at il-sx lowin’ end 
a friction diBo It, so that tho hciulin/f of tho 
test piece which results in tlio movement of 
the pen to tho right also results in ir piopor- 
tionato rotation of tho friction dims ’l l. 

Tho under faco of this disc routs-i upon I ho 
edge of tho Iriotion wheol, not shown. Tim 
spindle of the friction wheel ia oiv-rriiul with 
tho chart plate upon tlio spririfr Imr I 1 '. 
When tho bending moment m zero the friollnu 
wheel is at tho centre of fcho fritslion dino, 
but as bonding moment is applied, *mil thorn 
ia rolativo movement between tho upiing 
bar F and the rigid bar H, tho friction 
wheel travels towards tho ciroii m form ion of 
tho friction disc, and ia consecjuon tl.y rotated. 
The rotation will bo proportional to the | in id not 
of tho bending moment applied and flic angle 
of bending of the test piece, and Uiis device 
will therefore integrato the totivl energy 
absorbed in breaking tho tost pinco. Mounted 
upon the outer ond of tho spind 1 n whieh aruricn 
tho Motion wheel is an index disc R ’which can 
bo calibrated to read direct in ft.-ll>«, 

§ (109) Tests oh Specimens cu>- | 

Sizes. —A trustworthy relation lum not been 
found between tho energy to fmof.n ro in leal; 
pieces of different sizes; there is, however, 
evidence that it is probably dtJYVuonfc on 
different materials. This is shown /mm mt 
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examination of the results in Table US, which 
gives the results of notched bur impact tests 
oil two different stools with geometrically 
similar test pieces, 


20! I 


gives the ductility in the same lornis as the 
static tensile test, namely, tdongnlion and 
contraction of area, hut always with higher 
numerical values. The breaking stress of 


Taiit.u 38 


TbSTS ON t.J KOM KTIUC A I.I.Y .SlMir.AH .Sl'l.ClMKNS 


1 li iiu'MHions 

of Hpci'limni 



lincrKv to l‘’ruclurc. 



Steel A. 


Stii-l R. 



K«.M. 

Kg.M./OmA 

ICg.Jt./Om. 3 . 

K«.M. 

K|C.aM./I-iu. 9 . 

. 

10 x 10x 03-33 

4-77 

f>-0G 

0-80 

1-28 

l-UO 

0-24 

uoxrioxHio 

GO 

8-33 

0-42 

3G-3 

fi-ik 

U-25 


21)0 

0-32 

0-22 

107 

0-20 

0-lfi 


" Tlio notch for the 10 x 10 test piece was a 46" ven, 0-lir» min. runt radius nml 2 mm. deep. The 
notches for the 1 nr cor test pieces wero Kooiuotrlcully slmlliir. 


It will ho noted that: 

(1) r l’ho onorgy absorbed is not proportional 
to either the square or the cube of the dimen- 
uions of the test pi oco. 

(2) With tho 10 x 10-min. lest picoo, steel A 
takes 3$ times tho energy that sleel 15 does, 
but with tho (ill x (lll-inm. test pieces it is only 
IT times. 

Tlioro is apparently a sealo speed factor 
in (ho law of resistance of notched specimens 
to midden shook which appears to lie of 
extreme complexity. 

§ (l 10) Tksts on Unnot«!iik» Bars. —With 
geometrically similar imnotehod test bars, 
oithor beams or tensilo test pieces, tho energy 
absorbed in fracture for tho same material is 
proportional to the volume of tho test piooo. 

Hiltl-, 1 in 1001, as tho result of winio 
oxporimonts in dynamic tension, caino to tho 
conclusion that, for steels, tlioro is litllo 
diITorcnco in tho total elongation nml tho 
unit work in fmoturo whethor tlio fraoturo 
is brought about in 10 minutes or 0-01 seconds. 
•Stanton and Bairatow 3 in 1008 and Dolikhmv :1 
in 1900 (using a drop hammor typo of mnohino) 
Jin-ve also sliown that tho tonsilo impact test 
(i.e. ilynamio tensilo test) gives mimorloul 
values wiiioh agree with tho results of tiio 
utntio tonsilo tost. 

BImmt, Kirkaldy, and Sankoy, 4 in tlio 
summary to their papor on stool testing 
methods, say that “ tlio impact tonsilo test 

1 “ TcubIIo Impact Tests of Molnls,” Anicr. Soc. 
Teal, Mai. Proc„ 100-1, iv. 282, , r , 

’ 3 " llcslstanco of Materials to Impact," Tnsl. Mech. 
llua, 1‘roc.. Nov. 20,100R, aiul Keene tic Aftlall., March 
11 ) 0 !). 

3 Nolo on tho .Rupture of Normal Cylindrical 
Tost Humpies by bonnltiulinal Impact." Inter. Assoc. 
Test. Mul. Proc., 10W). 

1 " Comparison of tho Tonsilo, Impact Tensilo. 
and Repented Bending Motliods of Testing Steel,’ 
Inst. Aleck, ling. Proc., 1010, May 27. 


tho material can lie inferred, but must lie 
reduced by a factor in order to obtain the 
sumo numerical value us given by tho static 
test; also it only gives tlio breaking Hires*, 
Tho energy absorlnid per cubic inch do oh m it 
vary greatly with the various types of si col; 
it is approximately fit) per cent morn limn 
that obtained by tlio Htntiu tensile test, and 
is also no definite criterion of the typo of tho 
ateol; at any rate, of normal Hinds eimlnining 
a small proportion of phosphorus. From tin* 
experiments referred In by Breuil 6 it would 
appear that steels containing an undue pro¬ 
portion of phosphorus give a much Hinullnr 
energy per cubio inch with impact tonsilo 
Losts.” 

§(111) Tests undkii .Uiopuatiid Bhnihnu 
Impact. —In li)08 Stanton 0 carried out ox- 
lensivo investigations on (he method of tenting 
by repealed impact, and devised a machine to 
I’oprodnco stress conditions which nro met with 
in certain machine parts in actual use, where 
tlio offeet of alternating blows is produced 
on tho material nb positions whom there in 
a rapid reduction of cross-section. Tho test 
bar, O-fiOO inch diameter and (1-5 inches long, 
is supported on knife edges 4{ inches apart. 
Tho test picco 1ms a groove turned round tho 
contro of tho spun O-Ofi inch deop, so that tlui 
ofi’celive diameter at tho bottom of the groove 
is 0-100 inch. Tho groove is in the form of 
a veo, whoso anglo is fifi 0 and root radius 
0-01 inch. Tho test picco is fixed in tho 
machino, whero it receives blows at tho rain 
of about 00 por minuto from a hammer whoso 
weight Jr 4-71 lbs., and of which tho height 
of fall is adjustable. 

4 Kerue. tlemicanigue, 11 ) 08 , ]>. 0157 . 

e " Resistance of Material* to Impact, lust. Mich. 

ling. Proc., Nov, 20,1008, and llevuc dcmilall., March 
1009. 

l* 


VOL, l 
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Between each Blow tlio bar is turned through 
180° and tho test is continued until failure 
of tho test bar. The number of blows to 
cause failure is recorded by a counter. 

A series of tests is usually made on caeli 
material with varying energies of blow, ami, 
by plotting the energies of blow its ordinates 
niul the number of blows to fracture us ab¬ 
scissa), u curve is obtained from which useful 
information as to both the impact strength 
and fatigue strength of tho material can be 
obtained. In Stanton’s original paper it is 
clearly stated that when tho number of blows 
is less than 500 tho results approximate to 
those of the single blow impact test, and that, 
when the number of blows for fracture exceed 
100,000, tho results are in tho order of tho 
fatigue ranges of tho materials as determined 
in a YVblilor test. During tho war it has boon 
a common practice to compare materials by 
tho number of blows required to eauso fracture 
when tho height of tho fall of tho tup is kept 
constant. As tho height of fall Bclcotod causes 



Number of Blows to causa Falluro 
FlO. 134. 

fracture after from 4000 to 0000 blows tho 
results cannot bo proporly interpreted. 

Tho results from tests on steel correctly 
and incorrectly boat-treated are given in 
Tablo 30 and plotted in b'ifj. 134. It will bo 
noted that the incorrectly heat-treated bars 
are considerably woukor as regards notched 
bar impact, but slightly strongor under fatiguo. 


Tasms 30 

Hotuatki) Bkndiko Impact Tksts on Boii.kh 1’i.atb 

COIUIKOTLY A NO INCOURBCTI.Y .IlKAT-TKKATBD 


Kncrgy of 
Blow. 
Illdl-llM. 

Number of Blows to cause Failure. 

Material correctly 
Jlcat-trcnUul. 

Material Incorrectly 
Heat-treated. 

3-53 

3880 

5871 

4'71 

2350 

2013 

5-80 

1030 

1450 

7-35 

1013 

020 

13-32 

474 

250 

24-10 

155 

01 


The test bar previously described is tho one 
adopted by Stanton for his research, and has 


a notch very similar to the standard Izod 
notch, which is easily reproduced. A notch 
0-05 inch wide and 0-05 inch deep with 
parallel sides and practically sharp coiners 
has boon sometimes used in conjunction with 
this test. 

Tho Eden-Foster machine, manufactured 
by tho Foster Instrument Company, Letch- 
worth, is a close copy of Stanton’s original 
machine and embodies its principal features. 

Tho illustration ( I 1 'it/, ] 3b) gives a general 
idea of tho external appearance of t he machine. 
Tho main spindle, not shown in the illustration, 
projects through tho side, of tho Imx casting, 
and is driven by an oleetrio motor with 



l'T(l. 133. 


suitable gear or worm reduction. About 
0'1 horse- power is required to drivo the 
apparatus. 

Tho main spindle carries a dog olutoh 
driving a cam, which has a roller boaving on 
its upper surface and attached to tho lower 
end of the rod H. Fixed on tho rod II is ntt 
arm J which engages with tho lower face of 
tho hammer M; thus, when tho rod II rises 
by rotation of tho cam, tho hammer M is 
lifted. Tho guides for the hammer consist 
of two seta of three point screws carried by 
two castings attached to the standard G 
and its follow on tho opposite side, 

Mounted on tho standard G is a slcovo 
W, free to rotate about the standard, but 
normally held in a fixed position by a spring 
L. Clamped on the sleeve W is an adjust- 
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nblo catch K, A.h boom ns the arm .1 has 
lifted the hammer millioionfly, the spring L 
onuses a partial rotation of the alcove W, 
no that, when the arm J again descends, the 
hummer is held by the catch K. The 
further descent of tlio arm J brings its lower 
iiuilinoil face in engagement with the roller 
N, attached to the sleeve W, in such a 
manner that tlio catch Iv releases the 
hammer M, allowing it to fall upon the 
test piece 0. The hummer M is furnished 
with u hardened tool-steel tup. Two hummers 
are provided to allow for a wide range of 
tests, tlio weights being f> and 2 lbs. respect¬ 
ively. Tho height of drop, which depends 
upon the position of tho adjustable) caleh K 
on tho sleeve W, enn be varied from 1 to 
4J! inches. 

Tho test piece is carried by two hardened 
steel bushes in tho plummor block IT. It is 
rotated through 180° between Kuneessivo blows, 
tho rotation being arranged so that it begins 
and oiwls entirely between tho suocc.ssivo 
blows. 

Tlio revolutions of tho test pioco nin 
recorded by a counter V, imd tlio mini her of 
blows is found by multiplying the counter 
record by two. When the test piece breaks, 
it comes in contact with an arm X, and 
there)by trips the olutuh and slops tlio 
limohino. 

Tlio test place is drivon, through a universal 
Joint, by the chain 8, free-wheel and clutch 
T. One end of tlio chain is attached to tlio 
roller, at tins lower ond of the rod If, which 
bears on the cum, and tlio other cud carries iv 
suitably guided weight. 

All tlio gear is lived to tho casting which 
forms the cover of tlio lower tank casting. 
Tho latter ia partially lilled with oil for 
lubrication of the surfaces. 

§ (112) ISriiwr or Tiimchuatuuk on thh 
MKOJIANICIAt, l’HOl’KKTIKS OK M BTAI.S.— Many 
parts of anaohiaury work at temperatures con¬ 
siderably above or below the normal, and it 
is ossontial for the purposo of economy ami 
safety in design that tho more important 
oilootH of temperature on the moohanienl 
proportion of materials sliould bo well under- 
stonil. 

§ (11 !i) Txstino Aiu'Auatu.h. —Tho oldest 
method twod for testing at lomperalurcs abovo 
that of tho air was that of heating Iho test 
piece in a furnace, transferring it to tho testing 
machine, and conducting the test very quickly 
in air. The values obtained by that method 
wore very unreliable, and in recent tests tho 
samples have been immersed in a hot hath 
for tho whole duration of tho test. 

Tlio medium used in tho hot bath enn cither 
bo a liquid or gna, but it is ossontial that tlio 
heating medium should neither attack nor 
alloy with tho teat piece. Suitable materials 


for liquid baths arc given in tho following 
table: 


Material. 

Tern pern In re used 
in “c. 

Water .... 

Up tn inn 

1‘a ratlin .... 

Up to 211(1 

Mineral oil . . . J 

Up to 850 

Nitrate of potassium and) 1 
nitrate of sodium / ! 

350-000 

Lead mid tin . . 1 

300-130 


Air is nearly always used for the gas bath, 
but it causes oxidation of the test sample, 
and for special oases the lest may ho carried 
out in vacua, 1 nitrogen, 2 or curium dioxide. 9 
Ibidoloir 1 made use nf bntlm of steam (up 
to 100° 0.>, naphthalene vapour (200° C.), and 
nnplithylnniino vapour (IKK) 0 C.). 

Tho heating of iho bath is carried out in 
several ways i 

(1) liy gas jots arranged underneath tlm 
lest piece, which is held horizontal. .Thin 
method is adopted by Unwin 6 for a liquid 
hath, mid by Olmrpy 0 for an nir bath. 

(2) lly gun jets above a horizontal test piece— 
adopted by Ln f'luilelior. 7 

(:t) ily gas jets at the sides. This is used 
in conjunction with a vertical testing mneliimi 
by Martens 8 and llneli.® 

(•I) Steam-heating coils aui used for louts 
on BO-fcot lengths of copper wire, up to 
temperatures of (50" (J., carried out at tho 
National Physical Laboratory. 1 " 

(fi) Electric limiting coils mo used by 
Slribeok, 11 and llopkiuson and Ungers.' 2 

Eor general convenience the last, method 
is to he preferred. Two electric furnneoH, 
miecoflsfiilly used at the National Physical 
Laboratory, aro given ill J'Yj/s. 1311 and 137. 
They tiro both used in connection with a 
vertical testing maohino. 

A platinum fiinmco for temporalities up to 
1200° (J. is bIiowu in Fiy. 13(1, Tho healer (a) 
consists of a platinum atrip, 0-75" x 0*0007", 
wound on a firo-elny cylinder (ontsido diameter 
2*25 inches, tliiokncss 0dH7 inch, and 1UJ 
inches long), with n pitch of 1 inch. Tho 


1 nosenlialn and Humphrey, Iron amt Sled Imt. 
J„ 11)13, No. X. k _ „ 

’ Jlopkhison ond Honors, Enonifcrm, lutio, it. 
331 

5 XXciiRough and Hanson, Just, nf ,1/rirt/# J., 10M. 

I Milt. a. it. Kgl. Tic/n\. YmHfmnmtnUrn zn 

Berlin. 1803, p. 202. . 

‘ “ Tlio StrciiBtli of Alloys at DtITcrciit Tompiwn- 
laresi,” Ilenorl of Brit. Aksoc., 181V0, . 

4 JlitUdin de In SociM it’cnmu'iiaannit, 1H1U). 

’ Bauinnlcrialktmdc, 1001. p. 157. 

* Mitl. a. <1. Kgl. Tcchn. vemnelmnstalten z\i 
Berlin, 1800. 

4 y.rits. Yrrehicn Deultch. lug., 10(10, p. 17-10; 1001. 
pp. 108 and 1-177 ; 1003, p. 1702 ; 1004, pp. 883 ami 
1300, 

10 llntsan, " Hard-drawn Copper Wire," Collected 
IkscurchcK, X.P.L., 11112, vttl. 

II Zc.itx. Vcrcincx J)eutsch. Ing., 11)03, p. 550. 

** Engineering, 1005,11, 331. 
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ends of the strip aro clumped in position on 
the cylinder by metal clips |). A steel enao 
15 (about 8 inches diameter and 1/I(j inch 
Furnace hung from R thiolc) SUITOUIlds 1,110 

heater, and the space 


Htctiil Clamping Strip 

rot 



P/ntlnum Strip - 
(0.70"x0.0007" 
I" pitch) 


I- The lion tar 



ImMcil 'fp™> 

Torwln.il ln l " nl1 ‘“Wiiff Terminal 


DlnErnm showing; 
melliod of winding 
liio Plnllmnn Strip 
on Uio Mentor, 


Sectional Elevation 



hoc Ion on lino A-13. 
Fill, 13(1. 


between the two is 
paoked with asbestos 
and magnesia fluff. 
Tho whole iH elnmped 
botwcon two end 
plates C, and 0 2 , on 
one of which two 
insnlatod terminals 
aro fixed; tlioso aro 
oonnooted to tiio two 
ends of tho platinum 
heating coll. The 
fimmee, which is 
slung from tho top 


shackle of tho testing machine, takes a ourront 
of 15 atnpoim 

f'ith 137 shows tho 000° 0. furnneo. With 
this fimiuco tho heater is formed with ni- 
ohromo wire wound on to a brass tube A 
(2jj inches diameter and 15 inohes long). 
The tube is bound with mica, boforo winding 
tho who, in order to insulate it, and over 
the wire a binding of asbestos string is placed 
so ns to keep tho former in position when if 
expands on mo of tompomturo. Tho boater 
is surrounded by a steel ease 11, 7 inches 
diameter, and the spneo botwcon the two 
is filled with asbestos flu IT. Two stool plates 
Cj and C 9 aro bolted together, damping tho 
heater and miter easo botwcon thorn, and aro 
arranged to conn cot tho furnace to tho framo 
of the testing machine at E t and E 2 . Tho 
ends of the heating coil are connected to two 
ted terminals on tho top plate. No. 18 
■ wiro, having a carrying capacity 
""s at 500" 0., is used for tho heater. 

!| 1 closer at tho ends, in order 


to allow for tho conduction of heat through 
tho shackles and givo uniform heating over 
thocontral 3 inches to 4 inches of tho furnace. 

In another furnace of the same type tho 
conduction of heat through the shackles is 
equalised by having the main healing coil 
wound at constant pitch throughout its length, 
and supplementing this by two further coils, 
one wound at each end of the furnace. Tlioso 
coils arc wound over the main coil, mica in¬ 
sulation being inserted, and aro conneeied to 
soparato circuits. 

§(114) AlUUNGHMJiNT Off TESTING-MAO]UNI) 
Gurrs AND Hath or Loaimno.—-I t is important 
that the size of test piece, form of grips, and 
length of furiiaco should Im carefully propor¬ 
tioned to obtain uniform heating of the test 
pioco. Itisfound that either high chromium low 
oarbon or high tungsten high carbon stools (i.e. 
13 per cent 
oh ro m in m, 

0-35 por cent 


(A)- 

Brass tube woumlwith 
Nl- Chroma wire. Wlreil 
closer nt tho outfs lo 
allow for coniluotion 
through tho shaohtes 

oarbon or 18 
p o r conli 
tungsten, 00 
por cont car¬ 
bon), givo tho 
most satis¬ 
factory hold¬ 
ers for tests 
nt ovor 000° 

0., as they 
combine a 
fairly high 
t o n s i 1 o 
strength with 
freedom from 
scaling. Of 
thotwosteelB 
tho former 
ponies very 
little, while 
tho lattor, 
although it 



'/Won Insulation 
on tho Brass Tuba 

Sectional Elevation 



Plan 
FIQ. 137. 



1< Column 
| of 
Westing 
Mhlaohlno 

1 


scales a little more, has a slightly higher 
tensile strength at high tompcrnturcs. 

Uniformity of speed in loading is an im¬ 
portant condition for strictly eomparablo 
results. As tho speed of loading increases 
larger strength values aro obtained, Lo 
Ohatolior found that with hard-drawn copper 
wiro tested at 250° C., tho ultimate breaking 
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strength increased from 11-4 tn 21*6 Inns pop 
sipiarcinch ns the duration of the test decreased 
from 1800 seconds to 20 seconds. Both Le 
Chatolior and Strihcek Inivo shown Unit the 
elongation of copper diminishes with reduction 
in the speed of lending. 

§ (lir>) 'I'KMi’nuA'nntR Id i:amukkmkkt you 
STKHNfiTU Turn's.—With liquid hntlm sullieient 
accuracy enn usually l>e obtained bv taking tho 
temperature of the liquid, but it is essontinl 
that tho lest should not lie carried nut until 
uniformity of tempera turn is attained. 

With an air-bath there is incomplete conduo- 
tion of tho heat between the surrounding «ir 
and tho tost piece, and it is necessary that tho 
temperature of tho sample bo directly measured. 
This is most conveniently earned nut by means 
of a thormo-oleotrio pyrometer, which can 
oitlior ho placed in a )mlo drilled down the 
test piece, ns was done by Bi'ugowsky and 
Spring, 1 or laid close against the namplo and 
bound to it with asbestos string. 

Tho thormo-eloetric pyrometer oomriata of 
three distinct parts, viz. : 

(i.) Tho thormo-ooujile a which receives tho 
tom])emture. 

(ii.) Tiio indicator from which the tempera¬ 
tures ai'o observed. 

(iii.) Lends connecting llio thormo-ooiijilo to 
tho indicator. 

Tho thormo-eouplo consists of two wires, A 
and M, of dilToronl. composition. The emla of 
A and Bare joined 
together and form 
a circuit. One 
junction is placed 
in n known tem¬ 
perature, usual ly 
zero, while the 
other is placed 
against tho 
material whoso 
temperate ro is to 
bo ascertained, 

Tho dilToronco in 
tomperaturo bo- 
tween tlieso onils 
sets up an electro- 
motivo force 
which is propor¬ 
tional to tho torn* 
poratnro differ* 
once. TIhhI'I.iM.I 1 ', 
is measured and, 
by means of a A 

oalibmtion, gives 
tho temperature, 

Tho cold junction is usually placed in ieo 
in order to onsnro n constunb tempemturo. A 

1 " Jilfoct of I Hull Temperatures on Ibo Physical 
Properties of some Alloys,” Intermtioml Association 
M TMiuii Materials, 11112, vli./l. 

! 8eo 11 Thermocouples,” § (2), 


% 


§ 


> ^fuiVClCQ 

I 


thermos flask is a convenient receptacle for 
the ieo and cold junction. 

Various combinations of metals are used for 
thermo-couples, according to the maximum 
temperature for which they arc to he used ; 

(a) Base metal tlienno-conples. 

Iron-eon ntantan (wires) thermo-couples for 
temperatures up 
to (>t)0 tt Imn- 
c o n s t a n t a u 
(rods) thermo¬ 
couples for tem¬ 
peratures up to 
800 ° d. 

(h) Haro metal 
couplers. 

Platinum — 
platinum mid 10 
p>er cent rhod¬ 
ium for tem¬ 
peratures up to 
11(10° 0. 

Platinum — 
platinum and 10 per cent iridium for temporn- 
ItiroN u)) to 1400° CJ. 

It is essential for tomperatiircB above 800° O. 
that the eiuiplo should he protected by quartz 
or porcelain tubes. A thermo-enn pie placed 
in small purcelain tubing is scon at If (Fiy. 

iati). 

Tho indionlnr is usually a sonsilivo moving 
coil galvanometer of high inloimd eleelrienl 


pm 



Fill HIS. 




resistnnoo, having llio smile marked in tom- 
poraluro readings which depend upon tho 
typo of thornm-couplo employed, ft is gonor¬ 
ally an advantage to also hnvo the instru¬ 
ment provided with a scale giving its readings 
in millivolts. 
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Com pi ells thermo-electric pyrometer outfits 
uro supplied by various linns of instrument- 
makers. Fig. 138 shows the typo of indicator 
which Iho niithor has found must suitable for 
ordinary high temperature test work. It is 
supplied by tlio Cambridge & Paul Instru¬ 
ment Company. 

§ (HO) I) ETKKMI NATION OF El.ASTIO Ll.MIT 

and Ymr.ji Point at Hkih Twin peratuiib.—• 
In the majority of high tomperature furnaces 
tlio test piece is not visible during tho test, 
so that tlio yield point, if one exists, cannot 
bo obtained by noting tho ox ten Sion by a 
pair of dividers, and tlio attachment of an 



li'lll. MO. 


oxtcnsomctoi’ is iiidio dilTicult than with tests 
at air temperature. 

In 181)0, Martens 1 adapted his mirror ox- 
tonsomotoi' for high toinpcraturo work. The 
test piece U {Fig. CIO (A)) was turned down in 
tho centre at cd. Tho oxtensomotor clips wore 
attached at h on tlio lowor enlarged end, and 
wore earned out of tho furnace for attachment 
of tho measuring rhombs at a. Tho oxtension 
was therefore measured on tho longtli ah, and 
correction was made for tho extension of tho 
enlarged ends in order to obtain tho extension 
of the gauge length r.il. 

'’’idoloJT, 8 in i 80S, slightly modified Martens’ 
d. Kul. Tecltu. Yersiie/mtntinHm zu Berlin, 
.81)5, pi», 80 and 108. 


arrangement, and used two jmirs of clips, m and 
n (Fig . 130 (It)), with the mirror rhombs p 
between thorn. Hero again tlio trim elonga¬ 
tion has to be obtained by calculation; the 
length of tho thick part, however, is small, 
and as tlio whole of tlio measured length is in 



the furnace, the observations are uninllucnocd 
by variations of toinpcraturo. 

Leo and Crowthoiy 1 in 10M, adapted Itrnlo- 
loll’s arrangement of eli]is to a horizontal 
testing machine ; they, however, attached them 
to tho reduced part of tlio test piece. 

In Figs. 130 (C) and 140 is shown the high 
tomporaturo ex toilsome tor which is proving 
very useful at tho National Physical Labors* 



Stress In Tons par sg. In, 


I?ia. 142. 

tory. This is a combination of the best 
features of both IludelolT and Lee’s external 
moters, with tho addition of two micromotors 
for measuring extensions beyond tho olufitio 
limit. Tho clips na and bb are attaelicd to 
tho reduced part of tho test jiioeo by C springs 
and protrude from the furnace. Tho inner 
clips act are guided on flats on tlio lest pioco 
holdora by small rollers c. Mirrors and 
3 linginecrino, 11)14, xcvlli. 487. 
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rhombs are placed I mi wo cm tho clips, and tho 
whole in clamped togothor by a special Killing 
attached to notches on the outer clip. 

Hxlonsinn of the tost piece causes relative 
movement between tlio clips an and bb, and 
therefore rotation of tlio mirror rhombs pp, 
whioh is measured in the usual way by a tele¬ 
scope and scale. The relative movement of the 
clips is also measured by two micrometers c.c 
attached to the inner clips and working against 
the outer ones. 

Curves for tests on phosphor broiwo with 
this instrument are shown in Figs. HI and 142. 
Fig. Ml gives the elastic lino and limit of pro¬ 
portionality at temperatures of 20, 120, and 
288° 0,, plotted from results with the rhombs 
and mirrors, ami Fitj. 142 shows tlio full stress 
strain curves at temperatures of 20, 120, 205, 
and 288° 0., obtained hy using tlio micro¬ 
meters. 

VII. 1U:hiji/i'» Ob' Tears at Varying 
T BM I’JBUATUKKS 

§ (117) HKHUI.TS Ob’ Tunhu, is Tksts. (i.) 
Iron amt Carbon Steals. —Strength testa at 
high temperatures have boon carried out sineo 
the oarly part of the nineteenth century. 

In 1820 Tromery ami I’mirier-Sainl-'Mricn 1 
showed that, although the tensilo strongth of 
hammered wrought iron was 27 0 tens por 
s<p inoli at air temperature, it fell to fi-0 tons 
per sip inoli at red heat. Fairlmirn, in 18/5(1, 2 
allowed that iron possesses a maximum resist¬ 
ance to fracture at 260” 0. and this 1ms 
frequently boon verified for iron and steel. It 
has also boon shown that this maximum 
rosiataneo is preceded hy a minimum, whioh 
occurs ut about 120° 0. 

An extensive series of tests were carried out 
on iron and steel at the Watertown Arsenal a 
in 1888, from whioh the following conclusions 
can ho drawn : 

(1) Tlio change in the ultinmlo strongth is 
very small up to about 160° (A Them is 
evidence of a slight reduction at from 100 to 
] 20° U, and after 1/10° 0. (hero is an increase 
until, at 200° (1., a maximum in vouched, whioh 
is from 10 to 1/5 per cent higher than tlio 
normal. From 2/50 to 0B0° (A thorn is a 
continuous fall in strength, which at thu latter 
tompomtuvo gives a reduction in strength of 
80 to 8/5 per cent of the normal. 

(2) Tlio eliiHtio limit decreases with increas¬ 
ing teinperaturo. Up to 850° 0. thin decrease 
is directly proportional to increase in tem¬ 
perature, so that at 51/50° (A tlio elastic limit is 
about 70 to 7/5 per cent of that at normal 
tomporafcuro. 

(8) With oust iron the ultimate strength is 
approximately constant up to 1500° (A, after 

1 dmintaf ih'ii Mines, II. Bill. 

* ileporl of the Hrilish Assnoiation. 1850, p, 406. 

* Johnson's Materials of ('omlruelion. 1918 edition, 
p. 760. 
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which it falls until, ab960° (A, it is about 20 per 
cent of the normal value. 

Martens,-' in 1800, published an elaborate 
series of tests on the strength of steel at 
temperatures up to 15(10° (A, and included a 
determination of tin; limit of proportionality. 
Ho used a pnmllin hath for temperatures up 
to 200" (A, a hath of lead and tin for tempera¬ 
tures up to (500° (A, and for low temperatures 
a mixture of three parts hy weight of ico mid 
one part of salt. Tciiqioriitiiras up to 400° O. 
were measured with a moron rial thermometer, 
and for higher loinporaluvea an air thermo¬ 
meter was employed. 

Tests hy Luo and Growth or show that tlio 
modulus of elasticity of mild steel varies from 
21MI x 10° lbs. per square inch at normal 
temperature to 1.2-8 x 10° at (100° 0. They 
also found that the ultima to stress was a 
maximum at 260° (A, hut that the stress 
obtained by dividing tlio break in g-lond by the 
area at frooturo was a minimum at that tem¬ 
perature. Tho figures given in Table 40 Imvo 
been taken from tho plotted results. 


Tabi.k *10 

Thxhiuj Test! on Idu.n 8 tkki. at Vauyjno 
Tkmpkiutures 


Tempera. 
Inro. * e. 

MlnllltllS III 
Klaillulty. 
l.l>i7Si|. In. 

Yloltl BtroflH. 
Toim/Hq. In, 

UlLlinnto 
8 lu-«ii, 
T.m*/rti|. In. 

Unlllctlnii 

iif Ann. 
IVl iTIll. 

20 

29-Ox 10" 

21*4 

28-7 

67 

no 

215-3 x 10° 

19-1 

20-2 

, , 

2-10 

28-3 x 10 1 

10-0 

30-0 

«r» 

310 

27-11 x 10* 

1(1-3 

37-0 

02 

■146 

23-3 x 10° 

16-1 

20-7 

32 

620 

17-7x10'' 

12-6 

17-3 

1/5 

670 

14-8x 10’ 

0-7 

12-1 

■1 

000 

12-8x10° 


•• 

•• 


(ii.) Alloy Steels .—-Tho behaviour of sjicoial 
alloy steels at high temperaturo lias boon studied 
hy Aitohison. 6 A synopsis of results of tonsito 
tests, most of which woro iiimlo at tho National 
Physical Laboratory, is given in Table *11 [ 
theso show that tho tungsten steels with high 
percentages of carbon (i.fi. about 0-(l per emit) 
hfivo the greatest tensile strength at high 
tempoirtturcs. This strongth is nearly equalled 
hy tho high chromium steels also containing 
a high percentage of carbon. 

With high chromium and high t-ungstoii 
steels tho percent ago of carbon seoina to [day 
an important pail in their strongth at high 
temperatures. Thus with tho 11 per emit 
chromium stool, reducing tho carbon content 
from 1-0 to 0-4 por cent reduces tlio tonsilo 
strongth at 1)00° 0. from 7-f5 to 4-8 tons per 
square inch, while a reduction of the chromium 
content from 11 per cent to 0-3 por oonfc, with 

4 Milt. a. d. ]{(/l, Tccfm. Versueftsanstattm 2 ii Merlin, 
18(10. 

5 " Yalvo Tnllm-CH and Valve Steals In Internal 
Combustion JiiiKlnos," /nut. Auto. Jlntf, Vroc., 19JU. 
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tho carbon content at 1 per cent, has no effect 
on tin? tensile, strength at that lemporalure. 

When tlici temperature exceeds 090° (j. the 
strength of alloy stools falls oil rapidly; this 
is particularly noticouhlo with nickel chrome 


on hard-drawn copper and In-onxt; vv r i i*»’ hIiow 
that hetwoen -20°U. and -i-(iO' 1 ( r ' Hr 

1° C. corresponds to a decrease ,,£ O' 1 I u , ‘ 
of tho brealciiig-hmd and an | no , t nirt€i of IKI 
per cent in the total extension at I £> e> < '• 


Table 41 





Ultimate Strength In 

Foils pi 

r H<(. In. at To, 

ipend 'i 






15. 

050. 

700. 

750. 

800 . 

850. 

11(H)- 

05(1. 

17 pi-rci-nt tungsten, 

0-G5 percent em-boii 

58 

25 

17-7 

13 

10-1 

Ill 

H-H 

1141 

10 

.. 

0-45 „ 


45 


J5-5 





14 

12 


0-70 „ 


f.l 

20 

150 

10 

7-0 

10-0 

7-LJ 


.. 

0-45 „ 

u 

48 


14-7 


7-1 

9-0 



11 

Glucinium, 

0-40 „ 

* 

»» 

4.1 

14 

12-1 

8 

0-ft 

4 -H 

• 14) 

11 

chromium, 

1-0 

„ 

07 


15-1 

10 

8-5 

9-0 

’7 - > r » 

(1-5 

o-:i 

fl-3 

„ 

0-5 


00 


170 



7 -O 


„ 

M 

„ 

78 


18-5 




7 ./> 


3 

nickel, 

0-.1 

>1 

50 

, , 

0-4 




;»-l» 


:i 

„ 

on 




11-5 






8 

chromiuni, 

o»r> „ 




8-5 






.*) 

„ 

0-7 




11-7 






Ordinary niokol chromium . 

• • 

55 

10 

10-5 

8 

7-0 

5-1 

a -r> 

.'14) 


.1 


♦ .Stainless Steel. 


stools and nickel steels, hotwocn whinh thoro 
is very little difference at high temperature. 

(iii.) Alloys .—The use of fittings tindor super¬ 
heated steam involves temperatures up to 
400° 0., and the study of brasses, bronzes, cte., 
up to these tompomtures 1ms been undertaken 
by numerous investigators. Umvin, 1 in 1881), 
emnnninioivted a report to tho British Associa¬ 
tion on tensilo tests of della motul, guniuotal, 
muni//, metal, copper, brass, phosphor bronze, 
amt ftlinninium bronze at tcmjioraturos up to 
;jo0° 0. 

Rudeloll, 3 Brogowsky and Spring, 3 I)ew- 
ranee, 1 ’* and Law 6 luvvo also carried out a 
great deal of work on this subject. 

'Tho tensile strength nt high temjwralures of 
aluminium eopjior, aluminium copper man¬ 
ganese, and aluminium zine alloys aro given in 
tho reports of the Alloy Research Committee. 0 

The variations, with temperature, in the 
properties of alloys aro fairly regular ; there 
is a fall in tho tensile strength ns tho tomporn- 
fcuro rises, with change of curvature and 
sometimes humps in tho tomporaturo-ultimato 
stress curve. Rolled monel metal, an alloy of 
70 per cent nickol with 80 per eonfc coppor, 
oxhibii-s high strength and ductility at tem¬ 
peratures up to 1550° C. 

Tests at tho National Physical Laboratory 7 


1 Iteport nf fir it, Arne.. 1881 ). 

1 7 liter . Annan, 'rent. Mat. Vroc„ 10 ( 1 !), vi./l. 

J “ liltVct of High Temperatures on the Pli.vsirnl 
i lopcrtlcs of some Alloys," International Association 
for Testing Materials, 11 ) 111 , vll./l. 

4 ’’'nt. of Metal*. I., it)I t. 

II a ml Strrf flint. ,/„ May 11)18. 

'ler/i. Him, Prue., 8 th Heport, 1007, p. 07 ; 
IDtO, p. Ill); 10th Report, 101*2, April 
■Vlliinl-ilmwa Copper Wire," Collected 


is also a slight alteration of tho ttit jt I uhm of 
elasticity with temperatures mc-l> wit !> under 
climatic conditions. 

§ (118) Tensile Tests at Low '[’i-im n;iiA. 
tithes.— Tlicso tests are usually onrl iod out 
by surrounding tho test pieco’ wit.h tv hath 
containing a cooling substance., suoli ns : 


loo for temperatures down to . . . irtl. 

Ico and freezing salt for IcinpomlnroH \ . 

down to f -I) (I. 

Frozen moraury for tomperntim-sdmm t o 40’(.!. 

Solid carbon dioxide powder for tom pom- X 
lures down to f — 80' O, 

Idquid «ir for tumporatures down to \ . J H5" (.!, 


It is essential that tho bath slmiiltl la* sur¬ 
rounded with a casing containing down |mek- 
mg or asbestos fluff in order 'to olituin a 
uniform temperature. 

Rudoloil, in 189<>, found that iron rvml H |r«l 
gave increased yield stress and ult.i t n itt i? Mtloss 
as the temperature was lnworcil, whilu the 
extension was generally decreased 1 jy (moling, 
Tests made at Watertown Araoim.1 * ga ve an 
inorcaso of about 50 per cent in tin* yield 
stress and 35 per eonfc in tho ultimufco fdrawl 

over tho normal values, when test,ml 4 v L - Ulfi" 
C'., but the extonsiou decreased by <IH pt*i* cent. 

Cast aluminium light alloys shuw (t n in! 
crease over the normal in uitinwvfo «l -ronulh 

of 9 per cent nfc -80° C!„ and 27 pen.nt, „fc 

-]8f>°0. 


§ {110) Notcjiiei) .Bar Tests at Vauvihh 

Temperatures.—O harpy 0 has shown that, 

with stool, the work absorbed in tdio friti'lun'i 
of a notched bar test piece rises n h 


" Jiimr. lire., llv. ft5. 
Inter. Assoc. Test. Mat. 1‘roe,, 
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fmmlum in increased mid reaches n maximum 
ill- uhnut 150'’ (!. ; it then decreases and passes 
through a niiuunimi hnlwren 'HID' 1 <!. and 
500*’ (!., and rises again until red hunt is 
mnilnul. 

Tliia wwk was continued hy (indict and 
llnvilldii, 1 who gave (dm temperatures of 
maximum and minimum renisl unco lo slioelc 
ns 200" (!. mid 475" 0. They nay that thorn 
in no particular fragility in a steel broken at' 
Milt) I mat {HOI! In Hli.V ('.). 

(iuiHot and Itcvillna carried oal (heir (ohIh 
cm n tiaillory <10 Kg.iM. mnehino (sen §(100)). 
Tim IohL pieces worn healed in an elc.eli'ic 
fiirmuic In slightly above the temperature 
regain'd for 1 Mio lost, thoy worn then placed 
on tim anvil and Mm temperature noted ut Ilia 
tinm nf fracture. The l-omponiliirn was dolcr- 
mimvd liy thn nun of a (liennn-roiiplo maorlcd 
in a small holu drilled in tlm spreinim and 
ponotraling up to alioiit t) mm. fmm tlio crass- 
mmtkm to la;' f inclined. 

Tim ends of tlm test piano were eovered will) 
nahosloH In prevent tlm pooling of tlio ox- 
(roiuilies wlmn in eoiilaob with tlio anvil. 
Touts at ns elnso to 100"(!. as possible wore 
olifnined hy heating in boiling wider. 

Aitohisnii linn shown that with alloy steels 
tlm unlehed Imr tests at high lomporature.H hid 
a I'ollciifioii of thn tensile ntreiigth of tlm sleds, 
lioing inoro or leas inversely proportional to 
Unit properly. In all oases (ho steals gave 
llighiT value,■( at elevated lonipcmliU'Ori than 
Limy did timlor normal oondilioiiH. 


§ (12(1) ii.M.i, IJaiHiuksh Ti:.sr.s .at Vaiivimu 
Trai natATUHDH.— helix ltnhin Isas .shown Mad 
the curves eoimootiiig hardness and tempera¬ 
ture are of (ho kiiiiio general fill'll) as thn lensili' 
strong!li-lempendlire curves. 

Aileliiauii - gives results of hardness tests at 
high tainperatin'eti on tungsten slecki of various 
armipositions, ranging fmni 10 per emit In 
IS ]ior emit tungsten, and from 0-2 per emit 
lo 0-7 per cent earlioii. Hath iiivesligaloiH 
lind a similar regular drop in tlm hardness as 
the tmaperaluro incrciixcM. 

In § (SH) it is poin I ml mit that a dynamic 
hardness lest is extremely useful for tests ut 
high (em pern lures. Ailehisoii notes that his 
hardness lests wore carried out h,v C. A. 
Edwards, ho that, it in probable that the 
ii'Hid Is were nhlainod hy tlm dynamic 
method dosoriix'd hy Edwards in Ins paper 
read hefnro tlm Institution of Mechanical 
d'higiuemw. 11 

limlliold 4 linds (lint tlm lundnemi of 
steel at the tempera taro of liquid air 
( - 185° ('!.) i« doulilo that given at liorrmd 
toiiipemtiire. 

§ (121) Ai.TKHNATINU S'l'HKHH Tkhth at 
Vahvi.no Tk.mI'I'UIATuukh. — Very liltlo ex- 
perimcntul work has been carried nut on Mm 
elfcet of high lenipcruhires on I he. si length of 
inatoriala under (illumeding stresHe:i. Umvin fl 
eoiiihuilcd soiini tesla at a li'nipernhiri) of 
200" (!. and found that “ llm hot hum id nod 
variations of utresn nil her lie tier than llm cold 
mien." 


Taiu.h 42 

Noroiian It.ni Tkhth at haw TuMi'iJuvroiius 






Chariiy Nalelmd Par Iunmet Tent , an 

S;; r,:< 27-iiiin. P|ierlnieim with 4a" 

Vce Nuteli, 1 linn, deea, and 

0 125 min. It (Hit ItmfliiH, 

TciihIIm Test at .Material at 171“ (!. 






Yield Stress. 
Toii«/Si|. la, 

11 If land e Kli'esn. 
Ta||ll/Mi|. In. 

I'lxlr union. 

Medallion 
ef Area. 
Per mil.. 

Kneigy ulmarlaal In l'‘raeliue 111 Kg.51, 

per mil. 

1<T < ; . 

-.1(1' C. 

• • SIC (!. 

If 

2(1 1 

■120 

01 

2d0 

Odd 

Ola 

:u 

/>:m 

*»:;•!» 

II 

0-811 

odd 

0-10 





Ueiaills an' Ilia nviTiign of live (elds. 


•Some Ii-hIh on ear lam aleeln at low tonipem- 
Imt'B, eiuried nut at the National I’liyaieul 
I, ill i ora lory, are given in Tallin 42. 

Tests at tlm low teii)pniuture!i on vurioiiii 
alloy at.eels shmv that, generally, Ilium in ail 
appreciable drop in the mmrgy ulmm'lnsl in 
fmu(•imi luitween J7J"C. and -•10" (!., lint 
that between •40 and - HO" ('•. (lie drop, if 
any, is small, and in many eases there is a 
distinct rise in tlm value. 


Stunt) testa carried nut hy the untliur oil 
steel, having a primitive elaslie of 21 tmiu per 
square inch, ullinuiln alvesa of 40 tons per 
square inch, par cent extension of 20 and 

1 " Vulva Fnlluu'H amt Vulva Sir eh in Jnlemnl 
Ci uni million rautlni's,” lunl , Auto , Kng , l ' me .. Mill, 

a Kilwarih mul Willis, A haw «oversing (lie 
IIrslslslice In I’enelrnllaa of Mrl:ih wlien lesteil by 
inn uict. wllli a 10-imii, Steel Mull," I ml. Midi. tin y. 

MIS. 

• I ron ruvl tilerl fiixl .I tlO.’i. 

6 "Tenting ef Material:) of CuiiHlnii'tloii,*' .1100 
oclltliill, p, IMS. 


1 Inter , • faille. ' IVk/« Ahit . 1 ‘ rtn '., IdillJ, 1U./4, 
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per cent reduction of urea at fracture of 52, j of which the inner or central portion (heart- 
f'avo the results given in Tallin 411. | wood) is usually the stronger in mature trees. 

Taiii.k 43 


Al.TERNATI.VU STRESS TESTS OV STEEL AT 2ft' 1 (,!. AN!) 250* (J. 


Jtniiftc of Stress. 
Toas/St|. In. 

Alternations 
before Fracture. 

Temperature. 

° C. 

Item arks. 

Limiting Range 
nf Stress. 
Tons/Si|. In. 

-1-18-2 to — 18-2 

2,429,400 

20 

Unbroken 


-I-111-2 to - 10-2 

3,200,501) 




-1-20-0 In - 20-0 

3,268,400 




-1-21-7 to -21-7 

1,121.000 

,, 

Broken 

-1-21 to -21 

-1-2,1-7 to - 21-7 

3,240,000 




-I-24-G to - 24-G 

1,090,000 

•• 



-1-iO-f) to - 10*5 

2,009,000 

250 

Unbroken 


-1-17-0 In - 17-0 

2,115,600 



1 , 

-1-17-2 t» - 17-2 

313,050 



• -1-10-0 to - 1G-0 

-1-18-8 to -18-8 

383,750 

” 

» 

1 


Tho tests wore made in a mnuhino of the 
Wohler typo, tho lost piece running in an oil- 
bath heated electrically, and show a reduction 
of 20 por cent in tho limiting nuigo of stress 
by raising tho tomporaturo from 20 to 250° 0. 
T'hoy wore carried out at a speed of 2000 
alternations por minute. 

Teats on somo rolled aluminium light alloys, 
by tho same method, gnvo tho results in 
Tablo 44. 


Each annual ring itself eonsists of two parts, 
viz. tho inner or spring wood and tho on tor or 
summer wood, of whioh tho latter is the denser, 
harder, and stronger. Tho strength of a pioco 
of timber can therefore he roughly gauged by 
tho proportion of summer wood in tho annual 
lings. 

Tho width of the annual rings indicates tho 
rato of growth of tho tree—rapid growth being 
shown by wido rings—they therefore give 


Taiu.k 44 


Alternatino Stress Tests on Rolled 


These results show that, whoreas tho average 
reduction in static strength by alteration of 
tomporaturo from 20 to 150° 0. is about 
17 por cent, tho corresponding reduction in 
tho fatigue range is about 80 por cont. 

Tho average limiting elastic range (at 20° C.) 
for the five alloys (A to E) iR about 75 por cont 
of tho static ultimate stress. With steel this 
valuo is of tho order of 00 per cent. 

VIII. Tests on Materials op Construction 
§ (122) Tustino of Timber.— Examination 
of tho cross-section of a sawn log of structural 
timbor shows a central pith surrounded by 
nnnnQiitrid rings which are in turn onoirclod 
■iter hark. Each ring represents tho 
voar in the life of the tree. 

he roughly divided 
'”'' 1 and aapwood. 


Aluminium Alloys at 20° 0. and 150° O. 


usoful information ns to tho uniformity of 
growth. Tho rings are usually widest at the 
contro and bocomo closer near to tho hark. 
Tlioir width and distribution ofton vary in 
diflorcnt trees of tho same kind, in various 
parts of thosamo tree, and in diiToront parts of 
tho same cross-section. 

Timbor is usually divided into two classes— 
hardwood and softwood. The former is derived 
principally from broad-leaved deeiduous trees, 
while tho latter iB obtained from evergreen 
conifers (needle-leaved trees). Exceptions to 
this classification are yew and long leaf pine, 
which are hardwoods although coming from 
conifers, while liorso-olios taut, poplar and bass¬ 
wood (broad-leaved trees) arc softwoods. 

Timber is used by engineers principally for 
structural purposes, and a knowledge of its 
behaviour undor various conditions of stress 


No, 

Ultimate Stress In Statin Test. 
Tons/Sg. In. 

Kstinmtcd Limiting Banco of Alternating Stress 
in Fatigue. Tons/Sij. In, 


2 o n a 

16(1° C. 

200° C. 

20 * 0. 

150° 0. 

A 

21-0 



-1- G-fl to - G-5 

-1-5-5 to -5-5 

B 

20-0 

2M 

10-5 

+ 10-5 to - 10-5 

■1-7-0 to -7-0 

0 

28-0 

21-5 

19-8 

-|-10-2 to -10-2 

-1-5*0 to -5-0 

1 ) 

24-3 

21-4 

10-5 

H-10-2 lo - 10-2 

-1-8-4 to - H-4 

F 

22-7 

20-3 

16-4 

-1- 9-0 lo - 0-0 

•1-0-5 lo -0.fi 
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fa noee.Hsniy if it fa to bo mod to tlio best 
advantage. 

(i.) Dnntiili/ mid Mjwijic (IntidUj. —Tim density 
oE (.intheu* fa largely nlTootcd by Urn percentage 
of mofaUiro Unit it contains, by its rale of 
growth, position in tlio treo, ami percentage of 
summer wood. 

As the density fa dowdy related to the 
mechanical properties of timlmr, its deter¬ 
mination in of importance. .It in usuulty 
ascertained by measuring und weighing 
carefully prepared pieces which, for prefer¬ 
ence, are made in tho form of cubes or prisms, 
if b, t, and It am tho three dimensions of tho 
block in centimetres and W is llai weight in 
grammes, 

tlieil tho specifics gravity --\V/( b x l x h) 

and weight per cubic feet-- Wy/(b x t x h), 
whore y is the weight of a cubic foot of water 
in lbs. (02-J). 

For comparative results tlio moisture content 
must bo tho saino ; the density is thoroforo 
visually carried out on dried samples. For this 
purpose they am dried in an ovotl at 100" <!. 
until oE constant weight, and tlio density cab 
ciliated from this weight in conjunction with 
tho dimensions (dry), 

(ii.) Pcrtxiiluijr. of Moist lire. —All tliomcolianl- 
onl properties of timber are affected by the 
nuiinture content. Tho strength becomes less as 
the percentage of moisture inoromm A deter¬ 
mination of tho percentage of moisturo in 
always made from eacili lest piece, and results 
which do not iiuilndo tills information arc 
valueless, 

Tho determlnation of tho moisture content 
fa made on pieces out from each samplo; in 
tho ohso of tension, shear, and cleavage tests, 
these consist of pieces split off ndjaeont to tho 
failure. From other pieces a dine or culm is 
lukon from as near to tlio point of fracture ns 
possible. 

Discs, etc., are weighed immediately Unit 
they are out; they are then dried in an oven 
with free circulation, and kept at a constant 
tompomluro of 100" (,!. until (boy cease to 
lose weight by further drying. They are Hum 
rowoiglied. Tho moisture contained is ex¬ 
pressed as a percentage of the dry weight of 
tho timber. 

1£ iiV • weight before dlying, 

iiV = weight uftor drying, 
j) ore on (ago of moisture. - 100 x ( w„ - w,iH" ,, bc 

111 order to hasten the drying process, the 
test piece fa sometimes cut into small mateh- 
sUcks or shavings bored from the sample used. 
If this is done, 12 hours’ drying is usually 
Huflioiimt. Drying at 100" <!, will eliminate all 
oxeopt about 2 per cent of the moisturo, and 
this cannot he removed without igniting tho 
cam plo. 

Mentions of hoivnm are usually cut into small 
pieces for a moisture determination of caoli 
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piece, ill order to examine the distribution of 
moisture throughout tlio seetion. The results 
from mush a determination on pieces of spriieo 
and fir are given in Fiy/t. MU and H I. 

(iii.) liingtt per inch, pur cent of tdapimod, and 
per cent of Simmer Wood. —These estimations 


2'/i" 

.1 


Section cirB 

Into cute a 
for M&lsltiro 
ti«(rr.7;/ nrtl l on 


aro usually mado oil tho piece out for poroenlngn 
of moisturo dotenuination, A lino, one inch 
long, is drawn on the oross-scetion of tho cliso 


k-a;? - 


4 4. 

4 

• 1 * 

+ 4 

-+ 

23'/j 

SO w 

12 

12 

13 13 

22 





+ 

+• 

21 12 

o'/s 

to 

10 13 

22 

21 

Arrangoinont amt iwiritior 0/ annual rtnys 

r 

T"! 

— 

r —;- 

- 1 

" ’ 1 


* : 

4- 


4 ! 


1 0 11 ! fl-7 

107 • H-2 

, 10 5 'IDS 



‘*""'1“ - 

t -1 

— 

■J * | " 

"2 


■ lit 

! *• 1 

4- 


1 4- « 


L**if* 


«_5_ 


l fl_S J 

A?J 


Variation of moisturo mar tho Motion 

Aooraijo ill-olaturo - 0-G% 

Via. 143. 


«- 10" ->' 

1 

+ 

T 

• 1 - 

T 

F 

-I- 

30 

27 

20 

32 

32 V, 

23 

•1- 

24'/, 

4 

25 

-1 

24 

T 

20 

T 

22 

4 

30 

-!- 

-I- 


-I- 

-I- 

-1- 

23 

20 

12 

If 

14 

23 


Arrangement unit number of animal rings. 


S octlon cut Into cubes for wotstiira ilclcrinlnntla ri 



\ \ 

— 

r x~-v 
; -i- -i- 1 

! ta-3 ! 14-3 j 

l.i-0 j li-2\’ 14-d\ ! U>'3 
— .(•"■ 

» 

1 

1 

1 


-1 

1 

: 4 1 -1- ! 

; . 1 . ; 

1 

• 13-0 i 12-0 1 

U)-0 \ 15-3 • 15 0 1 10-2 

4 

T- * -1 - 

1 • 1 


: 4 ! -i : 

•1- i -1 : -I- ; -l- 

1 

1 10-4 1 11-5 1 

12-0 \ 13 0 ; 124 . ft-* 

J 


Variation of moisturo oner the section 
Avaraqo Moist uni a T2-0 °/„ 

Fid. 1‘H. 


iii a radial direction and passing through u 
region of average development. 

The width of mi miner wood crossed by this 
lino is obtained by splicing "A acmimulativi’ly, 
on u pair of dividers, tho width of tho summer 
wood hands for each annual ring in ruineesaion. 
Tho final distance between the pniatu of the 
dividers, in hundredths of mi inch, is equal to 
the percentage of umiiiiior wood. 
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lho number of rings per inch is obtained 
by noting the number of annua! rings crossed 
by the measured inch. 

Tho percentage of sapwnnd is estimated by 
measuring the amount of tlio cross-sectional 
urea in which snpwood appears and expressing 
this us a percentage of tho whole area. 

§(122) Dttyiso Timubh Test Pieces.—I n 
order to obtain reliablo data from tho various 
tests on limiter, tho information is usually 
referred to some standard percentage of 
moisture, It is considered that timbor, if 
thoroughly dried, will reabsorb 12 to 15 per 
cent of moisture from the atmosphere. Some 
experimenters therefore use 12 per cont, but 
tho majority adopt 15 per cent ns the standard 
for comparison. Tests are usually oarried out 
at percentages of moisture above, below, and j 


usually left at least > in. hu-got* , >r» <moli of 
tlio cross-sectional dimensions'an*I it* HO con¬ 
siderably longer. Before drying in 1 1)0 kiln 
tho percentage moisture is obtrvi n r ‘tl from 
pieces cut from each end of <| 10 H ni«»l> ,n ' »nd 

from this information the reduction *** weight 

which is required by tho kiln dr y in»*• ur,l °i' 
to redueo tlio sample to the moisture 

content is calculated. The di-yim* of * llM MM 
sainplo is continued until tho i-<scl notion in 
weight is obtained. 

r ( § (124) Size of Tmt Pihchs kor 'I'iists on 
T iMiiKj;,—Timbor tests are dividend into two 
classes : 

(1) “ Scientific ” tests of small .s 

free from knots or other Mom is lion uinl of 
uniform moisture content. 

(2) Tests on full-size members of ntruotim' 1 ]- 



I-’ia. MB, 


approximately nt tlio standard, and for this 
purpose it is necessary to dry Hamplos from 
tno higher to the lower figure. 

Two methods of drying aro adopted, viz. 
air drying (or seasoning) and kiln drying, but 
owing to tlio long Umo required for successful 
mr drying, kiln drying is usually resorted to 
for test work. 

An experimental hot-air-drying oven or kiln, 
wlnoli Jms boon successfully used, is shown in 
•/’/(/. 145. Tlio samples aro placed on a tray 
A in a oirouiar vessel B which is heated 
by a gas burner 0, and a current of air is 
driven through this vcssol by a rotary fait 
D. A complete record of tho temperature, 
winch is novel 1 allowed to exceed 80° C., is 
obtained by a recorder which is placed along¬ 
side tho test sum pies. 

Tlio tost piceos aro prepared from tlio samples 
after drying, and for this purpose tho latter aro 


struts, beams, olo., which are not hoivt* ifjcojmoiM 
ami contain serious dofects. 

Tests are necessary under both >nclit innu. 
Large sections liavo tlio same HbroiijtgMi j, nt . 
unit area as small ones when both am of tlio 
samo proportions and similarly fnn, f mm 
defects; but utidor practical cimditioiiH it In 
found that tliis law of similarity is not i-oulbmd, 
and that tests on small pieces givo viiIik-h f M |. 
tho strength of timber in excess of tlio m. mngfch 
of largo pieces. 

§(125) Tiwsh.e Tests of Tirtukm. ---All 
comprehensive investigations in regiml tn tlm 
strength of timber include a ()cteriniti ( it]i» ll of 
It-s toii9ilo strength as it is of soionti (i<» j 
mice. Tho resistance of timber to toitmlo form's 
parallel to tho grain is groator tlnm im dm- „„ v 
otlior kind of loading. In timbor Mr no tui*cn Hie 
tension mouthers aro joined at their <xi«fn 
otlior parts of tho sfcruoture, and tlio vvonLcsl 
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point is Hid joint wliic.h is subjected to 
whear. 

It follows t.lmt 11 1 o tensile strength does not 
^iviini tin! strength of the meuilmr, and tlioro- 
foil), from a practical point of view, it is of 
secondary importance. 


ii comprcssninctor {§ (Jtl)). Tlioso give mi 
initial portion of the curve which is approxi¬ 
mately straight, and it is customary from this 
onrvo to ohlnin tho modulus of elasticity, and 
compressive hItohh at tlm limit of proportion¬ 
ality. Typical results mo given in Table •15. 


T.s iw.i; <15 


CoMrmiHHioN (MiiimniNO) Tksth on Timiikk aijonci viiu Cfu.wx 
Test 1 ’iii'cs 2 2 x 4 .inches 


Timber. 

mm's 

Mnlsl.uri'. 
Per eciit. 

.1 limit, of 

i-nwlilng 

Modulus of 

Spec) lie 
llravUy. 

per 

J adi. 

I'roiiorl-foiiulll.y. 
i.lis./Hij. .In. 

Stress. 

1 .1m./K(|. In. 

K lust Icily. 
J,l»./Si|. In. 

Oak ( I'lnglisli) . . J 

7 

0 

24 

11 

2770 

2530 

5300 

5110 

0410 x ID® 
(14)2 X 1 ()"■ 

0-711 

<>•«:* 

Fir (Itiimiiiin) . 

IK 

14 

(K)20 

81)40 

24K) X JO® 

()<7'l 

Kprilca (Climlmniii) 

Hi 

12 

3200 

41100 

1 -08 x .10® 

()•:(« 

Fir (Columbian) 

24 

12 

7200 

DIMM) 

fl-lOx 10® 

(>■78 


Tho heads and shoulders of tensile lent 
pieces have to ho very greatly enlarged, 
otherwise failure hikes place either by shearing 
of tho ends along tlm grain or by mashing of 
tho ends across tho grain. The typo of lest 
pieeo adopted is nliown in /'‘if/. MU. The 
Booth ml to fracture is naturally small in com¬ 
parison to the ends. Test pieces similar to 
that shown in tho figure, but having tlm 


■ so" 


-> 


J-- ii'.xi l IHniif. , 

Er-r-ta 


W: 


i© 


ji¬ 


nn. mo. 

rodiiood diameter 1-25 inclies instead of <hf>CM 
inches, are Hometiaies useil. 

§ (I2tl) (JoiuruiWHiiiN’ Tksth on Timhku,— 
Compression tests along the grain give reliable 



CrnshluirToHl Plcco 


ldu. 117. 


indicftliouH of tho i|imlity of camples of t i miser. 
Eailui'o usually takes place by shearing along 
planes inclined about (10 to 75" with lim axis, 
hut sometimes by longitudinal splitting. The 
test pieces ( Fig, .1-17) am generally prisma 
2 x 2 x 4" oi' It x II x (1". 

For investigatory work it is usual to deter¬ 
mine «trass-strain diagrams with tho aid of 


8 (127) Kiihaiiinu Stuunutji ok'J*jahm:m.—I t 
is generally acknowledged by nil authorities 
that necuralo toutw of tho shearing strongth of 



timber aro diOioulfc to make. Two niothudu 
have been adopted ; 

(I) With the test piece in double shear us 
indicated in Fig. 148. 



Plan of Test Piece 
Fill. 1 11). 


(2) With tho limber millin' single shear 
(Fig. Till). Thin method has been uued wilh 
success by Warren. 1 

* Hciitirl of tho Drntirluind of Furrxlru jV.N.Il'., 
Austraiiu, 10X1, mi " N.S.W. llurdwcxul Tlinin'rn," 
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Tho resistance of various woods to shear 
.across tho grain has been determined by 
Trait twine, 1 whoso test pieces were cylindrical 
pins •§• in. diameter subjected to doublo 
shear, 

§ (128) Biindixo Tests. —Bonding tests aro 
probably tho commonest for timber, because 
of tho great use of wood for rafters, joists, 
beams, and oi lier parts of structures subjected 
to bending. Long pieces of fairly largo section 
can bo tested without testing machines of big 
proportions. 

Test pieces nro usually rectangular, arc 
supported nt the ends, and loaded cither in 
tho centre or at two points ns indicated in 
Figs. 40 and 41 (§ (12)). Tho latter method 
(called four-point loading) is now gnnornlly 
preferred, as tho maximum bonding moment 
is sincad over hall of tho span and is not 
limilod to the point directly iiudor tho applica¬ 
tion of tho load as it is in tho central loading 
method. 

A sketch showing tho direction of the grain 
at tho onds, and tho number of tho annual 
rings, should accompany each test, ns well as 
nn indication of tho position and mode of 
fracture. Tho position and character of any 
defects such uh knots should also bo specially 
noted, Failure may Lalco placo by tension, 
compression, or longitudinal shear along tho 
grain. 

For tho determination of tho limit of pro¬ 
portionality and coolTloiont of elasticity it is 
necessary to monsuro tho dotlcotion for known 
increments of tho load. Instruments for doing 
this tiro described in § (50). 

Tho strength factor usually measured is the 
modulus of rupture or cooflioiont of bonding 
strength. Although a fictitious value, it is, 
novorthcloHH, a valuable indox of tho quality 
of tho timher. 

Tho various values obtained from tho lest 
data aro calculated in tho following way : 

If 1*—Total load at tho limit of proportionality, 
B — Total load at fracture, 

/-Span between tho supports, 
b --Width of omss-scotkm of tho test piece, 
A—Depth of tho-cross-section of tho lost 
pieco, 

d ~Measured dotlcotion at tho limit of pro¬ 
portionality. 

(i.) For central hading (dotlcotion measured 
on length asi). 

Greatest shearing stress - 3B/4Wi. 

Stress at tho proportional limit — 3P//2Wl a . 

Modulus of rupturo=3B//2Wi a . 

Modulus of elasticity = VP/iblfid. 
(ii.) For four-point hading (wJiero tho distance 
between tho loading points—L, and tho 
dotlcotion is measured on length l, in 
the section under uniform bonding 

1 Franklin Inst. Journal, clx, 100. 


moment, and l, is loss, than L. B and 
P aro tho sum of tho two loads at tho 
loading points). 

Greatest shearing stress — 3B/4 hh. 

Stress nt proportional .limit ~ 3P(/ — L)/2ftif 2 . 
Modulus of rupture = 3B( l- L)/2ft// a , 
Modulus of elasticity —HI , (f — L)? 1 s /8Wt i Vf. 

Fig. IfiO shows typical load deflection 
diagrams for Christiania spruce and Petersburg 



Doflcotlon In Inches on S/inn of 20 Inches 
ninler Uniform Demllng Moment 

l-'ia. ICO. 


fir, whilo Fig. 151 gives tlio load-extension 
diagrams in tension and comproHsion for tho 
same materials. 



§ (12!)) Toughness Tests. —Toughness is ob¬ 
tained by moans of a notched bar iinpaot test 
in which tho energy absorbed by .tho specimen 
is moasurcr] by tho loss of energy in a swing¬ 
ing tup which breaks tho material by a single 
blow. Fig. 152 shows tho manner in which 
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an T/.od testing machine (see § (TOO)) is utilised 
to ca it)' out fcliia tost, and the form of test 
]linen i.s given in Fig. ir»!l. The teat piece is 
notched with the annular rings as indicated 



in tho sketch, and the top of it, whore tho tup 
atrikns, is protected hy a steel plate. 

Ini-pad I faint hnj Ted .—In this test the 
specimen (2x2x.‘K)") is supported at the 


Not a the position of 
tlw Annual rings 


ends on a span of 28 
inches. The load is 
applied hy dropping 
a hammer upon the 
specimen at mid-span, 
from an initial height 
of one inch. For sue- 
needing drops the 
height is increased by 
1-inoli increments np 
to 10 inches, and there¬ 
after drops nrc made ill 
successive ineromoiils 
of 2 inohc.H, until 
failure. Hammers of 
HO, 100, and 2150 lbs. 
are used. 

Defied l ions of the 
specimen are measured 
with each drop, and a 
curve is drawn con¬ 
necting height of drop and dellootion squared. 
Define lions are obtained from a drop oiirvo 
traced on a revolving drum. 



If W“-weight of the hammer, 

Jit-height of drop at elastic limit, 
F-dihi’o stress at elastic limit, 

I)--central deflection of specimen at 
elastic limit, 

Aw breadth op specimen, 

A--height of specimen, 

L'sspuu, 

thorn 

Nil ire stress at ohm l ie limit :-,1WJrL/l)Wi B . 

Modulus of elasticity = ; I' a * E/UD/i. 

Work to elastic) limit i dVH/Wt.L, 


§ (130) Cusaya hii.it v.—For tho resistance 
to splitting the U.S.A. Department of Agricul¬ 
ture! use the test piece indicated in Fig. IfiT, 
and ox press tho results in pounds per inch 
of width at fracture. Tests have been carried 
out to determine tho resistance to splitting 
radially us well ns tangentially to tho annular 


l 



lings, and tho results (Table dll) show that 
most hardwoods split more easily along radial 
planes than along tangential surfaces, 


Tahi.k 4U 



-- 

Cleavage Streiiglli la 


Ill ink of Tlnilnir. 

Pounds per lin k ul Width. 



Km llal. 

Tangential. 


lfniil woods— 




Ash . 

322 

31ft 


Klin . . . 

297 

:m 


Oak . . . 

370 

402 


Hoftwoods— 




Fir . 

138 

140 


Hemlock . 

103 

Ifil 


Yellow pine 

155 

173 


kprueo . . 

120 

130 


Splitting is related to lonsilo strength itoross 
tho grain. A high value is advantageous for 
timber which has to ho fastened hy nails or 
spikes, t 

§(131) Hahdnkss '1’khth on Timiiku.-—T he 
hall hardness lest has I men applied to limber 
in two ways: 

(1) Tho first motlmd, adopted by Warren, 1 
follows the Jh-incll test for •• 

hall of fixed ( 11111110101 - is pr-. 

timber under n known loud 
slatod time. Tho hardnosH 
luted from tho formula 



1 1 lepert of the Department of , .... .. 

Australia, 191 1,oil “ K.HAV, Hardwood Timbers." 
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ivhero 1 L (ho hardness number, 

tho load in kilogrammes, 

A "the projected area of tho indenta¬ 
tion (ml 2 /t). 

Warren uses a lwll of 20 mm., load of 1000 
kilos, and time of 2 mi mites. He found that 
the hardness along tho fibre is considerably 
grenter than either parallel or porpcndioular 
to the amildar rings. 

(2) Tim second method, largely used in tho 
U.S.A., is to press n ball of 0-144 inch 
diatnetor into tho timber until it has pcuo- 
tnited 0-222 inch. Tho load required is 
taken ns a measure of the hardness. Tho 
test tool is a stool bar with a hemispherical 
end. This end projects through a hole in 
tho bottom of a oiip-slinped washer. When 
tho tool has penetrated tho timber to tho 
correct depth there is binding bolween the 
steel liar, washer, and specimen. Tho load 
at that instant is noted. 

With the Ludwik cone test Warren 1 used 
tho standard 00 ° cone and a pressure of 400 
kilogrammes applied for one minute. Tho 
depth was measured by an indicator ns tho 
test ]iroue 0 (led. 

§ (142) ItlXSIfj'i'ANOK OF TIMBERS TO Ahua- 
juon an li Wfar. — Relative wear has been 
tested by pressing blocks of tho material 2 x 2" 
under a pressure of 20 lbs. ngninst a (aide 
covered with fitio satuljmpor nnd revolving at 
08 revolutions per minuto. A bettor method 
was used by Warren, 2 who utilised a sand¬ 
blast. Tho test piece, 8 x ,4 x 1", was damped 
against a pinto having a 2^-iuoh hole in it, 
and together with tho pinto was rotated about 
its own axis. A jot of superheated sloam 
under a pressure of 43 lbs. per squaro inch, 
carrying sand in it, was projected through 
an expanding nozzle oil to tho surfaco of tho 
rotating test piece. Tho sand - blast wore 
away the wood on tho oxposed dimnotor of 
2^- inelies, nnd the loss of weight of tho test 
pi-eco in two minutes’ exposure gnvo n measure 
of tho wearing quality of tho wood. Tests 
wore made— 

(а) IV mild to tho dircotion of tho fibre. 

( б ) Porpondioulnr to tho direction of tho 
fibre and perpendicular to tho annular rings. 

(e) Perpendicular le tho direction of tho 
libro and tangential to the annular rings, 

Tho results showed that tho wear was lonst 
parallel to tho dircotion of fibre, tho ratio in 
tho three directions being a;b:c— 1 ; 2A : 4. 

§ (133) Hotjung Power of Naii,s and 
ftpiKHS in Wood. —Nails hold in limber by 
virtue of tho friction developed between tho 
surface of the nail and tho fibres of tho titnbor. 
An investigation into tho holding powor of nails 
and spikes in Australian timber was carried out 

1 Ucmirt of (fin Dn/ntrlnrenl. of Foreslrii, A’.N.fV., 
Austmiit, 1011, on "ft.H.W. Hardwood Timbers.” 

a ma, 


by Warren in 1911, who found that xV 11 nt nili«" 
timbers wore bo haul that it was •hhhi-.v 

first boro a hole slightly smaller tlm i* L ,l ' ! , 

in order to prevent oitlier buckling ,ll( ' 

nail or splitting of (lie timber. Six - in *^ 1 J ^'’ - 
S.W.G. smooth stool wire typo itJ^ h were 
driven to a depth of 3 . 1 . inches in <• 1 ' 1 ’ t hnbcr 
in holes bored to -.ft-inch diamotm^ 'I'Ik'.v 
woro withdrawn liy pulling j„ (,|ie lfilling 
machine, and the loads to pull from vuviomi 
depths were noted. Tho results »ht < xv-iu l Mint 
tho holding powor was appmxiniii-t.t'J.V 1""' 
portional to the depth, as shown in ’ 1 'u blo 17. 

Tabi.k 47 


llor.DiNa l'owiui or N.ui.h 


1 

Depth driven in Inches. 

Mean Lund i n I'niinda. 


1 -i 

1-1,‘tB 


2 

2201 


2i 

120 715 


3 

3 ins 



3(»2I* 


For driving spikes, holes slightly mtiiiMnr 
than the diamotor of tho spike nnisb I »*» cl rilled. 
Warren found that J-incli squarev wemtinn 
twisted spikea required 30 per cont nmro 
load to withdraw them than g-luolt i«|iui.ro 
or |-inch oireular black iron stniigh (, mi) i lien. 

lintt , 8 experimenting with - umli (o 
g-inoli square smooth spikes micl sorinml 
spikea pitch £ inch, root dimnotor ! A inch, 
driven in ],\-inoh holes to a depth of f> indies, 
found that tho plain spikos had ahniit f>f» jicr 
cont of the resistance of tho sorowml ones, 
Ilatt’s results agi'ecd with llmso of Wnrii'ii 
in showing that tho holding jidwoi' >viui 
proportional to tho depth, 

§(13-1) Infmjenob of Conditions ok T'lmra 
ui-ON IiKSUJ/rs. (i.) The 1'jJfcc.l of AI fixture. 
Tho offeet of moisture on tho strong<1 1 < >f wood 
has been thoroughly investigated by 'riiMiiiuiii , 4 
and his results, which mo fully given hy 
Johnson , 5 show that there is a hir^n inerm 
in orusliing strength, modulus of obmt.ini ty, nnd 
modulus of niptiiro with a doeroi 1 mi is in (lie 
moisture content. Tahle48 gives tlm rippnivi- 
mato figures for spruco, ohostnnt, nnd pine. 

(ii.) Mffecl of Tcmjmalura of Texli tiff. • •The 
ordinary variations of toinpcraturo < if the 
laboratory (19° 0 . to25° C.) are not int j h >i-|,i n |, 
hut if greater oxtromos occur it in tidvisaliln 
that tho tomporaturo at which tho teHls me 
carried out should ho controlled. TohIh iniidi* 
at Porcine University show an inoron mo f M (| J( , 
strength of red oak ties of from 9 per omit In 
17 per cent by testing thorn at 0° (A. innleml 
of 20 ° 0 . 


, null . «<>. 124, Am . ll !/. Jitiffr . Assn . 

* Bull. 70, II.S.A, Forest Service t l DUO , lni | 

Circular No. 108, l!)07. ' nn " 

6 Materials of Construction, 1018 cd,, p. 1415 , 
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(iii.) HJfo't of iS 'peed of TeMintj, —Thurston 1 
found that (10 |ior cent of tho breaking loud 
given by progressive lomiing on tho ordinary 
tenting machine would break Imamu if left 
in place for uiuo months, Experimenting 
on tho name subject, Johnson 2 determined 


Tari.r 'IS 

ElTKKCT OX 'f'KHT RkHOI.I'S Mil’ Va 11 VINO MblSTUUK 
(,‘ONTKNT 



Per cent 1 icreaso in Value tiy 


uryitiK irnin t >0 per 

cent to 

Material. 

10 per cent of Moisture. 


(Irushing 

Modulus 

Modulus 


Strength. 

of I'Daallrlty. 

of Rupture. 

Eastern | 


1 -t 

52 

spruce / 


Chestnut 

51) 

25 

■14 

Longleuf \ 
pine / 

80 

21 

47 


that it was not safe to assn mo that Uio 
permanent loud which timber would carry was 
greater than fit) per cent of the short time 
ultimate load as ordinarily found by tlio 
testing machine. 

It is ovhlout, therefore, that the influcnco 
of time must lie allowed for in testing wood. 
Ah a result of work by Tiemaim, a the If.S.A. 
Forest Service of Agriculture linvoslurului'disod 
Jibro strain in testing, e.y. : 

Per Mlnuto 
jut Inch. 

Rending tests on limber of structural size (MHI()7* 
Heading (.oHhi on unmll heanm , . . 0-0015" 

Compression parallel to grain, largo lesl.) # 

pieces |0'0l)ir. 

Compression parallel (<i grain, small IohL \ 
pieoes 

Shearing along tho grain .... O-OlfiO* 

Tho strength of wet or green wood is much 
moro Hcnaitive to changes id speed than ia dry 
wood. A olumgo of the above speeds by fit) 
per cent may ordinarily lie allowed without 
causing a variation in strength of over 2 per 
cent, 

'.['lie modulus of elasticity in bending was 
found to bo practically constant with change 
of speed. 

§ (lH/i) TliSTINO OK SfONIO, lluniK, AND 
CKi’.m—ThuiuipnrtanlohurnoUsriHtmsof hLoiich 
and bricks from nil onghieer’a standpoint arc 
case of working, durability, ami streuglli. 
Durability depends on resistance to 
(a) Abrasion or attrition. 

(ft) Absorption id water. 

(e) Alternate freezing and tliawing, 

(d) Fire. 

(fl) Acid. 

1 MiiUrudu of domtruclion, part li. 

* ibid,, ims mi., |i, gas. 

* Amer. »s’oo. 'I'cxt. it ltd, 1‘rtw., low, vill. fi.il. 

vor,. I 



Stones and briol& are subjected in practice 
to compression, sometimes to transverse stress 
and shearing, hut not to tension except such 
ns would ho caused by wind pressure or other 
lateral forces. Resides resistance to lli-eao 
forces tlio speoiiic gravity is an important 
pmporly. For a given stono tho specific 
gravity and strength increase concurrently, 
while for some purposes greater stability in 
given by higher specific gravity. 

With concrete, a knowledge of i(s oluslio 
constants and tensile strength, of its resistnneo 
to fatigue and permeability to water, nro 
requisite for (lie purposes of design, 

(i.) Dctc.nni uni ion of ttpmjic Gravity. —In 
order to determine the specific gravity (in¬ 
cluding tho pores) the sainplo is dried at 
100 ° C. until it is of constant weight, nnd, 
when cool, coated with a thin film of pamflin 
wax and weighed in air and water. 

If W„- weight in air, 

ami W„=s weight in water, 

tlio specific gravity = W„/(W n - W w ). 

A coiTeotion for tho film of paraflin wax can 
he made if tlio results arc required to a high 
degree of accuracy. 

Tlio trim specific gravity of tho stone sub¬ 
stance is obtained by grinding tho dry stono 
to a powder and determining tho specific 
gravity of the powder with a Blimdardiscd 
l,o Fhalolloi 1 apparatus or similar form of 
specific gravity apparatus. . 

The porosity of tlm material can lie obtained 
by making both the above dclerminafions. 

Thou if fcv-upi-ojlic gravity of tlm stono 
substance, and tho other values nro ns 
before: 

(W 0 — Wu,)/Weight of a cubic unit of water 
Volume of tho sluimi- pores-; A. 

W„/( Weight of a cubic unit of water x 8,) 
-’Volume of tho stone suhstiuioe-H, 
Then the porosity - (A - R)/A. 

(ii.) Absorption of Water. —Tlio usual motliml 
of obtaining tlm amount of water which stono, 
brick, or concrete will absorb is to immerso 
tlm specimen in water at approximately 
20 ° (’. after it has been dried at 100“ (!., 
(moled, and weighed. The iinmorsion is 
continued for three days, when tho surface 
water is removed and tlm material is ro- 
wolghcd. Tho increase in weight* divided 
by Urn original weight and multiplied by 100 
gives the percentage absorption. Tlio process 
is HMinoUnicH hastened by eliminating the long 
period of soaking and immersing the test piece 
in water wliieli is slowly raised to boiling- 
point and kept at that temperature for five 
hours. 

A slight modification is Romotimcs intro¬ 
duced by weighing tho specimen in air (W„), 
in water immediately after immersion (W u ,), 
and also in water after Unco days’ imuicnomi 

si 
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(W'J. Then the absorption in pounds of 
water per cubic foot of material 

\v„-w,„ 

(iii.) Alternate, Freezing and Thawing .—This 
test is made by subjecting the specimen to a 
temperature of - .10° C. to -20° C. for at 
least fuur hours after it has been thoroughly 
saturated with water. It is usual to apply ten 
alternate freezings and thawings, and then 
employ the master test of crushing. 

(iv.) Abrasion and Attrition. —Buusohingcr 1 
devised an abrasion test for stone which con¬ 
sisted in pressing a4-inoh cube of the material, 
umlor pressure of 4 lbs. per squuro inch, 
against an iron pinto rotating at 20 revolutions 
per minute. The test pieeos were fixed at a 
radius of I Hi inches, and the abrasivo employed 
was lino emery (No. U) fed on to the plate 
at the rate of 2 grammes per revolution. 

This test does not differ greatly from the 
Derry test for mad stones. 

The Hand-blast test was used by Cary a as 
an additional abrasion test for stone. Ho 
gave comparative results by the two methods, 
together with Lho crushing strength; tiicsonre 
given in Table 40. 

Taw, 


is usually accepted as being the criterion of lho 
mechanical qualities of brittle materials such 
as stone, brick, and concrete. 

In carrying out this test the kind of bedding 
employed lias a great influence on the results. 
Unwin 1 has shown that fluidity of the bedding 
produces vortical splitting of tho test piece 
and a considerable reduction of the crushing 
strength. Tho common practice of putting 
wood or loud layers in between the test piece 
and tho testing-machine compression blocks, 
in order to allow for irregularities in tho surface 
of tho specimen and to distribute the pressure 
over that surface, is erroneous. In order to 
obtain piano parallel faces, Unwin’s method 
of applying thin layers of plaster of Paris 
has been used by tho author for a considerable 
number of tests without obtaining any mi- 
aatisfaclory fractures. 

The information obtained from the test is 
tho stress at which tho first crack appears and 
tho ultimate crushing stress. It is essential 
that tho load should bo applied axially, and 
tho compression blocks are usually supplied 
with spherical Heatings (boo § (12)). 

From tho character of tho final breakdown 
and shape of tho fragments it can he deter¬ 
mined whether tho load was applied correctly. 

H 40 


Results ok Aim a. sign Tests on ISuimuno Stones nv CIauv 

Area of Specimens used on Grinding Table=7-75 sq, in, 
Diameter of Nozzle on Sand-blasting J)ovieO'»2 i .'l(5 indies. 


Volumo of Wear in Ruble Inchon per Hi|. In. 


With Sund Riant. 


Kind of Stone. 

(JoinproHSlvo 
Strength. 
Lbs./Sq. In. 

basalt 

38.000 

Granite . 

21,300 

Gneiss 

21,230 

Porphyry. 

17,810 

Graywnokn * . 

15,780 

Sandstone 

(5,040 

Slalo 

7,480 



Perpendicular to Wirull(! , m 



A “ rattler " teat is used in tho U.S.Ai for 
paving brick, and the conditions of tho test 
have been standardised. 3 It consists in placing 
ton samples of tho material in a cylinder 
togothor with an abrasive ohargo consisting of 
20 oast-iron spborcs of two sizes. 'J’ho loss in 
weight is calculated as a percentage of tho 
initial weight of the samples. This test is 
somewhat similar to tho Duval Attrition Test 
or Lovogrovo Rattler Test for road stones. 

(v.) Crushing Tests .—The crushing strength 

1 Ruiiho hi tiger's Commumealions, 188-1, x. 

J Haumiiteriiilirnkuililc , x. 18(1, 

5 Standard Specification for l’avlng Rt-Iek of the 
American Society lor Testing Materials, Soriul 
Designation *=07-15. 


Photographs of broken conuroto tost pieces, 
showing the shearing angles of 46°, which arc 



Fid. 155. 


obtained with tho crushing of brittle materials, 
are given in Fig, 106. 

* Report of British Association, 1887, p. 870, 
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For geometrically .similar test pieces the 
crushing strength is proportional to the cross- 
scctionnl area. Within the limits whore 
bending occurs, the crushing strength becomes 
less ns the height of the test pieces increases. 
For prisms and cylinders of the sumo height 
ami cross-sectiona 1 area the crushing strength 
squared is inversely proportional to the 
omsumCorouoo of the test piece. 

The compressive strength of concrete is 
reduced, hy an excess of water during mixing, 
to n fractional part of that which it would 
roach under proper conditions (sco Table HO). 

T.vm.i: fit) 


Kwkm 1 or I’khokntaos ok Watch oh tio: 
Ckijhiiixu Mtuukotii ok Oohcukth 
(From U.H. Nurmuj Itull., No. 3-14.) 



Ciiauriitu 1 s‘Ji4 l.y Vnhuuo] Slruiigth in 
)Aw./H.|. 111. 

I'onuiiitiiKH at 
Wultir. 

Criuili ins'. 

ill imIiiI ii-i nf ltu|ilnrO 
|I)UIH||I1K|. 


1 Mniilli. 

II .Muntlm. 

1 Slcmtli. 

II Manilla. 

0-8 

22U0 

3814 

301 

435 

H-0 

3547 

4808 

451 

520 

7-0 

4012 

4881 

420 

■11)0 


Crushing test pieces of building sUitio arc 
usually in the form of cubes of -l-inch sides; 
for concrete, culms of from 7- to ID-inch sides 
are employed ; while bricks uro generally tested 
on the Hat. The dimensions of the test pieces 
and, with bricks, direction of crushing are 
always given with the results. 


§(130) Tim Elastic I’jtoraimiis of Stun is, 
Luick, ani> C'onoiiutk, —It has been shown 
that a linear relation is often not obtained 
l>etwcoii stress and strain for stone, briolc, and 
concreto (04)), and that for tho liittor cm- 
pyricnl moduli are used for the purposes of 
design calculation. 

Stanton Walker 1 gives the following par¬ 
ticulars of the mnuner in which different 
variables affect the strength and modulus of 
elasticity of concrete: 

“ («) Loth tho modulus of elasticity and 
strength increnso within certain limits us the 
aggregate becomes coarser, although the 
modulus of elasticity increases less rapidly 
than the strength. 

"(b) An increase in tlio quantity of cement 
in tho batch causes an increnso in values of 
modulus of elasticity and strength. The 
modulus of elasticity is afTouted somewhat less 
by change in the cement content Hum tho 
strength. 

“ ( r .) Tho quantity of mixing water exerts 
n most marked effect on tho modulus of 
elasticity and strength. An addition of 25 per 
cent of water to a mixture of normal con* 
Blstonny doorcases tho modulus of elasticity 
about lb to 20 per emit, and Hie strength 
about 80 to 40 per cent. 

"(d) Loth the modulus of elasticity and 
strength increase with tho ago of tho concrete! 
so long as the specimens arc kept moist during 
curing. The strength increases in proportion 
to logarithms of tho ago. Tho modulus of 
elasticity follows approximately the same 
relation. 

“ (e) There is no marked difforonoo in tho 
modulus of elasticity and strength of concrete 


Taih.k 01 

SrilKHOTlI OF ttfOMIi AND JiJUCK 



OriisbhiK .Slrciigl-li, 

. Llm./8<|. in. 

iSlune— 

(Imnilo . . . . 

13,(11)0-28,000 

Limestone .... 

2,(100. 0,100 

HiiMdslono .... 

4,0181-11,000 

Hrioks— 

Vitritlod brick . 

fi,000and over 

Ihml-lmrnod 

3,5(81.4,01)1) 

Cimimuu tlrsls . 

2,(88). 3,400 

Common .... 

1,5(81-1,00!) 

Leicester wire-cot 

3,(88 »• 5,300 

Fiction .... 

2,(100.3,000 

While gniill, u lrc-cnt . 

2,100-3,100 

Aylesfnrd red pressed . 

2,200 

London best, stocks 

1,(100.2,8(10 

Common slocks . . . 

1,250.1,1881 


Xloprcsoutativo crushing, bonding, und ab¬ 
sorption results on slono and briolc arc givou 
in Table fil. 


Transverse Test. 
Muilalus cf Kupturc. 
Lbx./K(|. 111. 

Absorption. 

).*cr cent. 

2710 3010 

0-1-1 0 

11(10-1 (1(8) 

0-3-0-I 

3(10.1320 

<l'7-8'2 

Over 000 

besH II mn 5 

(Kll)-flOO 

5-13 

4(8).00(1 

12-18 

300-101) 

Over 18 


made from liigh-gmdo pebbles, crushed lime¬ 
stone, crushed grmilto, or blast, furnace slag. 

1 Amcr. Sao. 'l'cti, Mai. l'ruo,, iOtO, p. 5U4. 
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“(/) A comparison of specimens stored 14 
days in dump sand and 77 days in ah- with 
specimens stored 01 days in damp sand shows 
that tlio modulus of elasticity and strength are 
higher for the damp sand storage. 

“ (g) Tests for mixing times ranging from 
l to 10 minutes show both the modulus of 
elasticity and strength to bo greater for tho 
longer mixing times.” 

§ (I .‘17) T ENSILE STRENGTH Of CONOHKTE.— 
Considerable difficulty is experienced in design¬ 
ing suitable end attachments for tensile tests 
on concrete. Many experimenters cast spheri¬ 
cally headed holts in tho centre of tho ends 
of tho test piceo and pull on these heads by 
tho testing-machine grips; others enlarge the 
ends so as to form tho lost piece into a flat 
dumb-holi shape. Particulars of a few dimen¬ 
sions which have been adopted are given in 
Tabic 5% 

Tho tensile strength of concrete is about one- 
eighth to onc-tonth of tho crushing strongth. 


beams for transverse teats. Wi (1 i^.V ' 
beams G " x 6" loaded centrally < Ml 11 H|m " 
of 3(5 inches. The results lie* < > l>tr* i nod un 
1:2:4 concrete, mixed l>y voiunio, m'! given 
in Table 5,1. 

§ (140) Increase op Sthwi i'J* r> '"' <m '' 
Crete WITH Age. — Tho nvcnifrci j »rsitnnit- 

ago of strength of concreto at di Honor it 
assuming full strength at one yeiir, i** tf«ven 
in Table 54. There is no reliabio for 

strength of concreto more than two yearn 
old. 

§ (141) Eppect op VmuATioN, ,Tics<ru no, and 

Pressure on the Strength op CU * fitim:.- 

Vibration and jigging methods are uwoful for 
gotting oonerote into placo arounrl I'td n finning 
bars and in intriento forms but dn no 
good, unrl in some cases are fin niifuli if 
applied after tho concrete is piviporly |>lmmil 
in ])osition. 

Abrams. 2 finds that the vibinli<>11 4lf «« 
oleetrio hammer has very littlo iiifluonen on 


Taiii.i-: 62 

pAittiour.AHS or Tensile and Compression Test Pieces for Concrete 


Authority. 

Tensile Test Piece. 

Criiabing Teat Piero. 

Henby ’ K . 

Mills t. 

Unit j. 

Wootaiui §. 

St, Lou is 1; TcHliag Laboratory j 

2J* x 3 J* x 21' prisms. 

0" x G" x 18" prisms. 

4":<‘i" (f liar) 17A" gauge length. 
Scpiaio oross-Rootion enlargcil ends. 
8" X 8" squnro section (enlarged 
ends) 6 foot long. 

'21" x 3!"x 11" prisma. 

0" on bra. 

8" diameter X 12" oyliiulerM. 

0"xG"x 14" prisms. 

14j" diameter, fi^deop (o.vl ijulcni), 


A,,x U 4. ri 1/v, (/!/«(/It, AAV, 1. 

t Went. fine. /iva. Joum. lx. 231. 


32l{ "TiS^ T0 9 tl.TlSmi 6 ?t St. Louis,Mo.,** JtutirUn Mu 


§ (138) Shear Strength of Concrete.— 
Tho shear strongth of concreto lies between 0-4 
nml 0-G of the crushing strength. Tho shear 
testing tool is nf the same form as that used for 
inotals (§ (12)), hut is specially arranged to 
take a larger test piece. The tost pieces are 
geno rally cast fi or (I inches in diamoter nml 
14 to 18 inches in length, and arc tested in 
cither single or double shear. 

§ (lilh) Tranhvkrsb Strength: op Concrete. 
No definite uizo has been standardised for 


Tad lb 63 



1:2:4 Concreto—Ago 

1 Month. Averago of 
25 to 27 Tests. 


Tensile strength—lbs./ \ 

180 


H(|. ill. (8,) / 


Con i pressi vo strength — ) 

1040 


lbs,/sip in. (,8 e ) / 


Modulus of rupture—! 

352 


lbs,/sq. in. (,%) / 


Si=0-l8S« 

-J.-80.Si. 



tho strength of puddled conorcto avisos* ripplieit 
for periods not exceeding ,‘10 aocoiuIh. .If a 
greater time of vibration is employee.!. Micro in 
a steady fnlling-off in strength. Aftor 4 A (o 
GO seconds tho strength is only <>D por unit 
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Ago. 

Percentnist' «>t P'lill 

SlreimMi. 

7 days 

:io 

1 month 

CO 

2 montliH 

7fi 

3 

8f5 

4 

OU 

o 

05 

0 „ 

98 

12 „ 

100 

of that given by tho 

standard nuilliucl of 


I .O* 

If pressure is applied to coiioiroto after 

' University of Wisconsin. Bulletin No. id?, 

* '* Effcefc of Vibration. Jigging, mu] Pressuni on 
Fresli Concrete,” Structural Material u 
Laboratory, Chicago, 1010, Jivlktin No. 8. , ~ 
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moulding, wator in expelled and a drier conercto 

is produced. This given increased Htrength. 

Abrams finds tliat 

a pressure of from 

200 to 500 llm. per 

• . I. sri, in.during mould* 

Mr I I ll 1 * 

Reservoir- 
(F) 


Section 

XY 


Air Supply 


Water Sit ppty^^ 
Filter (D) vVj 



++4f 


Water Tanh(E) 


C C C C i<c 

(For Test Piece aoiwecleil at 0 
sao Fly-167) 


Ida. 10(1. 



ing inoroiiHoa tlio comprcaaivo strength by 20 
to Ho per cent. 

S (142) I’KIlMUAllILITY OK C'ONOIIKTK AN!) 
Mohtak. —Permeability dojKmds upon mtnuto 
pussngo ways in the material which nro so oon- 
neoted that water can How right through. 
Tests under high heads of water havo been- 
made, and show that even eonumt paste is not 
absolutely impervious. Concrete and mortar 
ean, nevertheless, lie nuido which, under 
normal pressures, do not show any dampness 
on the outside. 

Two methods of test are employed : 

(1) The amount, of water passing through 
the material is collected and weighed. 

(2) The weight of water, which has to lie 
supplied in order to keep a constant head, is 
measured (/.«. the water going into the 
test piece). 

'1'hc arrangement of a suitable apparatus 
for Method 1 is given in Fig. 150, and a 
section of the test piece, together with tlio 
oun for outching the water, in Fit/. 157. 

The test piece (7$ inches diameter) 1iiih 
annular spaces at the outer edges of both the 
top and bottom surfaoo painted witli a rubber 
waterproofing paint. Tins leaves an annular 
piece 5 inches diameter in the original con¬ 
dition. Rubber washers A, A are placed over 
the waterproofing, and the specimen is seuuroly 
clamped between t he two cast-iron plates I*, 1*. 

The water Is applied to tlio top of the test 
piece through the pipe (!, and any water 
passing through is caught in the can 1). Tlio 
specimen is soaked in water for <18 hours 
immediately before the test. 

The arrangement ( Fiij. 15(1) permits of six 
tosts being carried out at onco. JOac.h test 
piece with its holder is attached to a union 0. 
The water passes through a filter I) and 
tank H before reaching the specimen. Air 
pressure is supplied to tlio lank I? by a 
compressor, an air reservoir If being inaorted 


to equalise tlio pressure. Three gauges (1 
are provided for reading the pressure—cue oil 
the air reservoir and two on the water pipe. 
Readings of (lie water collected in tho can A 
are taken at frequent intervals at tho com¬ 
mon cement of the teat; but tho rate of 
percolation of water 
diminishes as the test 
proceeds, and the. 
intervals between tlio 
readings ean ho 
reduced until it ho* 
comes constant. 

In order to measure 
tho water supplied 
(Method 2), the 
arrangement is 
slightly modified by fitting a wafer reservoir TC 
abovo tho test-piece holder (Fir/. 158). This 
reservoir is only partly full of wafer, and tho 
pressure is applied to the top of the water by 



the compressed air. The amount of water 
added at regular intervals, to keep the level 
constant in the gauge glass IT, is recorded, 
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With nn investigation curried out at tho 
N.I.VL »m tiio permeability of reinforced 
concrete under a pressure of 8-7 Ihs. per 

\aIi- Pressure 



HC|imro inch, air presauro was replaced by an 
actual hood of water of 20 foot, which was 
kept constant by adding wator to a reservoir 
as described for tho last experiment. 

§ {143) Testing Road Materia r-s.—There 
are two methods of estimating tho comparative 
vntuo of materials for road construction. Tho 
ilrst is to lay sections of a road with the 
materials which are to lie compared and observe 
tho olTeot of traffic) on them, and tho second 
is to subject tho road materials to laboratory 
tosts designod to imitato actual conditions 
inot with on tho road. Tho formor method, 
with great care, will give results, hut tho 
process is long and costly. Tho uso of 
some form of experimental road sections is, 
however, the only thorough method of test¬ 
ing asphalt carpets. Observations of the 
behaviour of macadam roads, constructed 
with rooks whoso physical characteristics 
have boon determined by lalmmtory tests, 
onnhics these tosts to ho used in ordor to 
judgo tho probnblo adaptability of any 
rock for use in road construction. 

A determination of the relative road- 
building qualities of diiforont types of rock was 
first systematically attempted in Franco. Tho 
I'ronch School of .bridges and Roads installed 
a road materials laboratory in 1878, and it 
was there that tho Deval ‘Attrition Machine 
\vns designed, and its excellence has led to 

' Ann. lira ponts cl etmtmtra, 1871), uail lhtUclin tin 
Mimetire dca Trnvaux publics, 1881 , 


its general adoption as-a stand**- 1 '* ^ lesliug 
machine. 

Tho testing of road metal wna initiated in 
Germany in 1884 at the first, Munich O' >nf«mmn 
for Establishing Uniform Conditions* o f 'IVsIing. 
Thoy appointed a committeo to draft I lie 
methods of testing that wero neccsHaiy, llm 
work performed by this comitii t jl 1 "mi 
rejiorted to conferences held in IMHtl, . 18111 ), 
and 1893, and definite proposals f< n* Icsling, 
including tho Deval test, were suhi* ii t-ted ami 
approved. 

In 1893 Massachusetts Highway' Coin mission* 1 
founded a laboratory for testing mini * n f t.lci ialu 

in the Lawrence Scientific Sohool of .Harvard 

University. In 1000 tho United Staton ( iovnrii- 
mont, beeauso of the growing ini|HU'limcn 
of road-material investigations, oabn. I ►MmIkmI a 
laboratory in tho Bureau of ChcmiKfry of llm 
Department of Agriculture. This ln-lf >ivilnry, 
transferred in 190,') to the Offifio of l.’ubl'm 
Roads, examines, without charge, Hftin'phu nl 
mail material submitted by iiny'oitiKc'ii «»f llm 
United States. 

'I Im only stone-testing appliances liolteved 
to he in oxisteneo in England prior tn MM I 
was tho “Rattler” attrition imvcdimr, de¬ 
signed and used by E, J. Lovogn>vo» : * I htroujffi 
Engineor and Surveyor of lTor»soy. 

In 1911 a road laboratory was inrtti^uvnlrd 
as a division of the Engineering T>cvfm rl.inimt 
of tho N.P.L., Teddingtnn, in **<:.•<« mlimnt 
with a sellouto drawn up by tho He mac I Board 
and approved l»y tho Trensury. Tlu* work of 
tho Road Board has now boon taken t iviT by 
tho Ministry of Transport (Roads Dof m r I mold j. 

In order to preserve continuity wiMi llm 
work which lias been in progress* in other 
countries, standard types of maeliineH, as 
used by the United States Ollleo of IteMlo 
Ronds, were adopted. 

S (144) Attrition Test, — Tho mii.-hiim 

used for tiiis test is of 
llm four - cylinder Deval 
type, which has given satis¬ 
factory results ill Franco 



Fig. 150. 


aineo 1878. It is shown in Fhj. J r>||, , uu | 
consists essontially of four cylitulor/*, 71 j tl , 
in diamotor mid 14 in. long, mourtfccl nil 

1 JMleltn No. 44, on Physical Testing of Itnrk-n („t 
Rond Umlding, U.S. Department of Agricnli«ir<< ’’ 

<* I'J ,vc er°vc,Mett J nml Howe, Itonil-ma/c in A Arh,,,™ 
Attrition Tests in the Light of Petrology, u ** U u s - 
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a frame in smith a way that their axes nro 
inclined at 00" to tlio axis of rotation. 

Eleven pounds of rock, numbering as nearly 
fifty pieces ns possible, are placed in one of 
the cylinders, tlm cover bolted on, and t.lio 
machine revolved 10,000 times at a rate of 
about 30 revolutions per minute, Tho 
dimensions of lho stones should ho such that 
every stone will puss through a 21-in. ring 
but will fail to puss through a 2-in. ring. 
Only tho material worn off which will puss a 
sieve of x 1 ,!-in. mesh is considered in determin¬ 
ing tho amount of wear. This amount is 
expressed as a poroontngo of tho 11 lbs. used. 
In addition tho h'leneh coefficient which is in 
general use is calculated. Tills is doiined by 
the relation 

D'ronch ooofficiont of wonr-.- -——,-. 

roreontage of wear 

A wot test is also made, and for this pur¬ 
pose 1-1 gallon of water is placed with the 
11 lbs. of stone. With the majority of stones 
it is found that there is more wear under a 
wot tost than under the dry test, bill, occasion¬ 
ally tho reverse is tho ease. 

An approximate relation has been established 
between this machine and .1 .ovogrove's I iornsoy 
Rattler. 

§ (Mo) Rkpkatkd ilt.ow Impact (Toumi- 
nmss 'I’iost), (i.) I’npriHititm \>f »S/ir!i:fw/r.«.— 
Tho spoeimon is prepared in tho form of a 
cylinder 1 in. diameter by l in. long. A 
piece of the melt is roughly chiselled to size 
1,1" x l.|" x 3". It is ground approximately 
cylindrical on a largo erystohm wheel, and 


.Kid. KID. 

then placed in the chuck of a grinding machine, 
where it is ground by a. small orystnlon wheel 
to exactly 1 in. in diameter. Tho chuck and 
stono nro thou taken In the diamond saw 
(Fig. 1(H)), whore tho specimen ia out off 1 in. 
in length. 


(ii.) The Testing Machine .—Tho machine 
used for this lest is known as the Page Impact 
Machine (Fig. Mil). The blow is given by 
a 4-4-lb. hammer IT, and acts through a 



plungor V whoso surface of oontnet with tlm 
specimen is spherical, and lias a radius of 04 in. 
Tho blow, ns thus delivered, approximates 
to the blows of traffic, and tho spherical end 
hns tho further advantage of not requiring 
grout exactness in getting tho two bearing 
surfaces of tho tost piece parallel; the entire 
load boing applied, at one point, on tho upper 
Burfaoo. The test, consists of a 04 in. lull 
of tho hammer for the lirst blow, mid an 
increased fall of 04 in. for each succeeding 
blow, until failure of the specimen occurs. 
Tiro numbor of blows required to destroy 
tho tost jiieco is used to represent the 
toughness, 

A spmokot chain S driven from (ho shafting 
is supported on sprocket wheels attached to 
eastings at tho top and near to the base of 
tho machine. Tho chain is provided with 
small lugs which engngo a spring holt attach* 
inonfc projecting inwards from Iho top of tlm 
hammor. 'This raises tiro hununor until it is 
tripped by a rod R projecting downwards from 
a orosslicad wliioh slides on two rods connecting 
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the upper find lower castings. The oroas- 
hcucl is raised automatically through 0-4 in. 
after every blow by a lend screw driven by a 
worm and worm-wheel attached to the Kamo 
shaft ns the upper sprocket wheel. By 
throwing the lend screw out of goar with the 
omsshoad tho latter can bo raised or lowered 
through any desired height or the test enn he 
made with a constant height of fall. 

A slightly different method of preparing 
tho test sum pie is sometimes employed, viz. 
by tho use of u core drill. This consists of a 
brass core tube having at its lower end a 
steel ring containing eight small diamonds 
ill its flatting edge, four on the outer edge, and 
four on tlie inner edge. Tho drill arranged 
to cut a rock core 1 in. diameter rims at 
201) to 300 revolutions per minuto. Water 
is supplied to the insido of tho drill and tho 
specimen, through a stationary brass ring by 
a rubber tube commotion. 

§ (MO) Ahhasion Test.—T ho specimen is 
prepared in tho same manner ns that for tho 



repeated blow impact test, and in cases where 
both tests am required the spccimoiiH can 
usually ho both cut from the same sample. 

Tlio machine used {sometimes called a 
Hardness Machine) is of tho “.Dorry” type 
[Fig. H12), and consists of a circular cast 
Bled disc 1) which revolves in a horizontal 
plane about 0t vortical shaft. Tho specimen N 
is held with its axis vortical and its lower end 
pressed with a force of 34> lbs. per square inch 
against tho surfaco of the disc. Standard 
stand. 30 to 40 mesh, is fed continuously upon 
tho disc through funnelsF, audit is important 
that an oven and constant supply of the 
abrading material should ho fed to cnoh sinnplo 
tested. After 1000 revolutions of tho grinding 
disc, revolving at tho rate of about 28 revolu¬ 
tions per minute, the loss of weight of tho 
specimen is found, Tho test iH repeated with 
the specimen reversed, and tho nvorngo loss of 
weight computed from tho two runs is used in 
determining the hardness. 

This is given by .11 = 20 ~h W, whore H 
in tho hardness number or ooolliciont of wear 


mid W is tho loss in grammes per ]()()(> volu¬ 
tions. 

$ (147) Cementation Test.— The uni i »* “ ■ 1 l 
value of a rock dust measures the ability * 1 j ,al ' 
dust to hold the individual particles |,t»' <■ I^ 
to form a firm impervious road mirfn«n. 

Tho processes involved in making n» 
tho eonientaiion value of a rock nre as f< >11« ! 

(I.) Grinding up a mixture of tfn» reck, 
coarsely crushed, and water into a ntrlY r ,a!lU ’ 
in a bull mill. 

(ii.) Forming briquettes from tliis pi» H, e in 
a mould under pressure, which are dri<’«® alter 
24 hours. ■ • 

(iii.) .Subjecting each briquette to mja'alni 
blows with a small hammer, and nicaaiivinj? 
automatically the recoil of the humane* “ r,, ' r 
eaoli blow. 

(i.) Hall Mill {Fig. 1(13).—1-1 lb. of eoiiW'ly 



l-’io. 1(13. 


mushed rook and O02 gallon of valor mv 
phioeil in tho mill together with tu'c > nlrcl 
shots ouch fi-l in. in diameter. Tho sa n i j dim 
are ground in this mill for 2£ hours, (lu< mill 
revolving at tho into of 2000 revolulioim pur 
hour. Tho resulting paste is then rend.v to 
bo moulded into briquettes. 

(ii.) HriqueM Machine {Fig, 104).—T1m> j nude 
is placed iu a mould M and a oylintlminl plnu 
1? sorowed upon it. The mould is in con tact 
with tho short arm of a weighted beam \\' p rlu 
that the pressure can ho regulated to vu n 
maximum value of 1880 lbs. per squaivs 
The sizo of the briquette is I. in. dhuuoti > r mid 
1 in. long. 

(iii.) Repealed Impart Machine. {Fig. J. tlfi). 
After drying for 20 horn's in air and <1 11« 
in a liot-uir bath at 200° F., tho brlq no t in in 
allowed to cool for twenty minutes. in (l 
desiccator; it is then placed on the mvvil of 
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tlio machine with its axis vertical. A small 
hammer 11 is operated by a earn 0, so that 
tlio cfi'eotivo drop is always 0-4 in,, and the 
force of tile blow is transmitted to tlio speci¬ 
men S by means of a plunger I* working in a 
vortical guide. This plunger is also connected 
to the arm of a lever, the other end of which 
carries a pencil L in contact with paper on a 
revolving drum, so Unit any rebound of the 
plunger after tlio blow is indicated on the 
paper. In this way a 
diagram is obtained 
which will givo the 
number of blows after 
which thoro is no re¬ 
bound of the pi linger, 
i.e. after which the rc- 
silionco of the speci¬ 
men is destroyed. Six 
specimens nro mado 


via. :int. 


from each sample, and the average result is 
taken us n measure of the cementing value 
of the material. 

Table fifi gives the interpretation of tlio 
results from tlio physical tests on road 
Mimics. 

§ (Id8) Timim.omoAT, and Gkoi.ooioai. 
CJj [AUAfITKltlSTIO.H.— Thill HCCtillllH lll'O Cllfc flOUl 
tlio atone and examined under tlio mieroseopo 

to ascertain tlio nature, ipimitily, and dimon- 


when 1 in. diameter, nro identical with those 
for impact and abrasion tests, and can bo 
made with the same apparatus. 

§(1/50) Enhujianck Testson Mod kt. Roads. 
—It was recognised that in tlio ease of tlio 
various test trial roads laid down in t his country, 
such as thoso at Sidenp, the host method of 
road construction would not show mensurable 
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wear or deformation until after years of heavy 
tmllic. At tlie suggestion of Col. (Vomplon, 
Consulting Engineer to the Hoad hoard, a 
model roud-testing innohino was designed at 

tlio National Physical Lihurntnry in order to 

provklo a mom rapid method of comparing 
the efficiency of methods of construction. 


Vaiii.k fifi 

iHTKUPIUiTATlOM Off I1JB PHYSICAL TlMTS ON ItOAO StONKS 


Very goml . 
fillliil, , . 
l-'iiirly genii 
Uuthur piim- 
Very poor . 


Attrltl 
IVrcent 

llry. 

n 'rust, 
if Wrnr. 

W«t. 

Imiant Tent. 
No. of lllmvs 
Sir Itollurc, 

Aluunlcm Test. 
1'ixlllrli-iUiil 
Wcnr. 

Ceiuciilntliiii 

VbIiic. 

No, <>( JlliiWB 
for I'nllnro. 

Almnrutlon of 
Water. 

i,i.i../(;ni>a- it. 

CmslilnR 

Htriiiiirlli. 

in. 



10 niul ovor 

Ill iiml ovor 

Over 100 

0 in nml umlcr 

Over 20000 

2-J.2-S 

21-:m 

Ul-18 

17-18-U 

70-100 

011-0 10 

110011-201)00 

H-IKM 

8-2--1-0 

ia-iri 

10-1(1-0 

20-70 

0--11 -1-011 

10000-11000 

.‘t-'J-MJ 


8-12 

lC-lfi-ll 

10-20 

1 01-3 00 

1000-10000 

Oviiv I'O 

Over fi-0 

Umlnr 8 

Under 1,1 

Ullll'T 10 

Over a-fio 

U hi lor 1000 


sions of tiio (lompimonts which form the stono 
and determine the correct petrological designa¬ 
tion of the material. 

§ (1-10) Finer 11du Tests,— Specific gravity, 
absorption of water, orushing, sand - blast 
abrasion, ami paving-brick rattler tests nro 
carried out in the -mannor previously described 
for stones, bricks, and concreto in § (13f3). It 
is usual, however, when dealing with road 
stones, to make tlio crushing tests on cylinders 
1 in. or 2 in. diameter with the length equal 
to the diameter. Tho crushing teat pieces, 


This design was approved by tho Road Hoard 
gud its construction was commenced in 1912 
the first run taking place in 1913. Tin 
nmehino (Fig. 100) consists of a circmlnr trucl. 
30 in. wide, having a mean diameter of 
34 feet. Tlio endurance of tho centre 24 
in. of this truck is tested by tho rolling 
on it of eight stool-tyred wheels, 3 in. 
wido and 39 in. dinmotcr. Tlio wheels are 
at an angular distance of 45° from each other, 
and each wheel is rotated by a separate 
oleotrio motor mounted on a steel arm which 
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revolves round a contra post. The radial 
distribution of tho wheels is such that the 
wliolo width of 24 in. is covered in one 
revolution of the firms, and in order to prevent, 


(i ; > By excessive wave formation. 

(ii.) By disintegration. 

(iii.) By « combination of disintegration and 
excessive wave formation. 






ns far as possible, the formation of ruts in 
tho tested surface caoli wheel is moved back¬ 
wards and forwards radially by a cam 
mechanism through a distanco of 1 in. 
Tho eight arms aro all hinged to a rotating 
buss on the contro 
post, and at their 
outer ends are con- 
nootod by spiral 
springs to eight 
corresponding canti¬ 
levers rigidly fixed 
to a second rotating 
boss connected with 
tho former and im¬ 
mediately below it. 

Tho pressure of each 
wheel on the track 
can ho adjusted to 
any desired valuo up 
to one ton. 

In ordor to in¬ 
vestigate tho ques¬ 
tion of the formation 
of waves a special 
apparatus {Fig. ](!7) 

Jins been constructed 
for drawing cross- 
sections of tho road 
at different points 
round the track and longitudinal sections at 
tho centre of tho trades of tho eight rotating 
test wheels. Plaster casts are also taken to 
obtain a permanent record of tho oppcaranco 
of the road at various stages during tho teat. 

ft has boon found that a road becomes too 
bad for use in threo ways: 


The formation of waves is increased by tho 
road being subjected to heavy traflio after 
insufficient or unequal consolidation, whilo 
disintegration occurs rapidly with elinngo of 
climatic conditions, if tho road consists partly 


I f IO. 107. 

of small or largo stones, when theso stones are 
brought to tho surface by deformation or 
wear. 

A summary of tho more important tests 
earned out with this apparatus is given in 
tho Sixth Annual Report of tho Road Board 
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§ (Jill) Bituminous AIati>:iiia[.h. —Tho 
physical clmmutor of bituminous binders and 
aggregates in dotonnincd by nuoroseotions, 
penetrometer and viscosimeter dolormiim- 
tions, quantity and quality of tlio contained 
bitumen (whothor natural or artificial), and 
tho physical and chemical examination of 
tho residue. 

§ (1.12) Limps and Chmknts. —The. cement¬ 
ing materials ordinnrily used in engineering 
construction arc classified as follows : 

(i.) Gypsum plasters. 

(ii.) Limes—quiolclimo, hydrated limn, by- 
drauliu Hme. 

(iii.) Cements (hydraulic). 

§ (1.53) Ovi '.sum I’i.A.STKUN.—In plaster of 
Paris, Keene’s ooimmt, stucco, etc., the ossen- 
tial constituent is gypsum in a more or less 
dehydrated state. 

Gypsum in Us nativo state is crushed and 
ground, and then calcined at a temperature 
of 200° G. Tho product is then finely ground 
and screened. 

Plaster of Paris is produced when tho gypsum 
is not completely dehydrated. Tho thoomU- 
<ml composition of gypsum is C'uSO.,-1- 2H a O 
(a hydrous calcium sulphate). Plaster of 
Paris lias the approximate composition of 
GaSO.clO-rill.jO. The specific gravity of 
gypsum is 2-3, of plaster of Paris 2-57, mu! of 
completely dehydrated gypsum 2-1)5. 

Keene’s cement is practically pure minium 
sulphate with a sum!! percentage of ealeium 
carbonate (Gii(X) :t ). For the nmmifactiire of 
this cement the gypsum is procured in us pure 
a stale as possible, mid the reselling product 
is of an exceptionally pure while colour. 
The small pnreontugo of GaCO., in introduced 
by dipping the calcined gypmun into a solu¬ 
tion of alum and then burning again. Tho 
introduction of this 11 impurity ’’ |midu« 0 H a 
slow setting cement which ultimately lioootnes 
very hard. 

Cement planter and stucco are eulomrn 
sulphates with adulterants which retard net¬ 
ting and increase plasticity. 

§ (lfi‘l) J'iiMKH..Pure lime (quioldinio) is 

produced l»y the ealeinuLioii of nearly pure 
limestone, at a temperature of about I50U" G.» 
in some form of vortical kiln. Jly this process 
tho carbon dioxide in driven off from the 
cnleium carbonate ((!a( > 1 - CO,, ■ -(!a ()() 1 ), Such 
limes slake violently on the addition of water, 
form calcium hydroxide (Cn(OU) u ), and in¬ 
crease in volume by about 301) per cunt. 
They harden slowly by absorbing carbon 
dioxide from the air. 

Poor limes have tv high porcontago of 
magnesia and slake more slowly. 

Owing to the fact that quicklime is in¬ 
sufficiently slaked or mixed in many cases 
when this is done on tho job, this process is 
sometimes carried out in especially designed 
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and equipped plant, whom i.lie operations uro 
conducted more efficiently and with the 
minimum quantity of water. The resulting 
product is thoroughly screened and ground 
and is known as hydrated limo. 

Pure hydrated lime, should have a npeeilio 
gravity of 2-OS. It is usually loafed, by 
chemical analysis, for fineness and soundness, 
and .sometimes for tensile or eonipivssivo 
strength, in tho 11111111101 ' presently to ho 
described for .Portland cement. 

Hydraulic Li me .—Jnlm Mmcnton discovered 
that limestone containing iv small pe.re.en I ago 
of clay, when oaloiiiod, produces it limo which 
hardens by chemical action apart from tlio 
absorption of earhou dioxide from (ho nit'. 
This lime slakes in the usual way, mid, in 
addition, hardens under walor ; it is UiiH'ofmn 
called hydnuilio limo. 

§(155) IlYDHAlMilO CtittKKTfl, <>f wllioll UlO 
best cxnmplo is Portland eomont, aro produced 
by tho calcination of chalk and clay or nuit- 
ahlo limestone and shales. 

In various parts of tho world there aro 
deposits in which the mixing of these materials 
has been carried out by nature. Tho result 
of calcination of these natural deposits 
produces a natural hyilraulio cement. Tho 
natural rock eon tains as 11 min an excess of 
carbonate of lime, rendering t he resulting 
(turnout poor in quality. 

Portland cement is an artificially produced 
(turnout in which the chalk ami clay arc 
accurately proportioned and thoroughly mixed 
together, Ijoforo burning to a hard eliukor at 
a Imnpnruluro of about 750-H00“ (!, Tho 
olinkor is then ground, and forms llio final 
Portland cement, A finely ground eemont 
makes a stronger mortal’ Hum a enursely 
ground one, lienee the (ineness of llio cement 
is a property which it is nomixary to specify. 

Portland cement is a British invention, It 
was discovered by .fosnpli Aspdin in IHIM, mid 
owes its iianui to its roHuinblaneo, when sot 
hard, to Portland stone. It sols rapidly, sels 
under water, and hardens slowly with lint 
little change in vein 1110 until it is nearly ns 
strong as atone. Tho hydraulic property is 
due to the presence ef silicate of alumina. 

Tho British K.ugineoring Standards Associa¬ 
tion, in tkeir standard specification, define 
Portland eemont as follows: '“.Dim cement 
Hindi he imuuifiuilurod by intimately mixing 
logolher calcareous and argillaceous inaleriids, 
burning thorn at a clinlcoring loin pernio ro 
and grinding tlio resulting clinker." 

Cementing materials aro subject to largo 
variations in tho quality, It is necessary 
therefore) to closely control tlio mimufiiotui’o 
by imposing tests to on sure that the properties 
which it has been found aro of first im [itirtaneo 
should reach a specified standard. 

Tho main properties required in a eemont 
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uro strength, permanence, and time of setting 
suitable to the work. 

Tho principal tests whioh aro in gonoral use 
to determine the*suitability of the cement for 
fulfilling those requirements are : 

(a) Fineness of grinding. 

(b) Specific gravity. (This test was deleted 


Loth the .15. E. S’. A. and t lit 
that the wire oloth of Hie 
(not twilled), and Dial t | 
mounted on frames wil Pi» >11 
sizes adopted are sliglil l,v 
two specifications. I 'ni l i »* i, 
Table CO. 


Taulk CO 


Finknkss Tjcst 


B.E.S.A. .Specification. 

A.S.T.M. 

Sine of sieve, wires per inch . 
Diameter of wire, inches . . 

Residue Hindi not exceed . 

Weight of sample, grammes . 

Time of continuouH sifting 

180x180 

00018 

14 per coni. 

7(5x70 

0-00-lt 

1 per cent. 

:-*« m 

t>. 

W) t* 

Until not ’ 

pilHSIVI 1 III • » U 

100 grammes. 

10 minutes on cnoli sieve j 


from tho B.E.S.A. specification in August 
1920.) 

(c) Clicmicnl composition. 

(r/) Strength. 

(e) Time of set. 

(/) Sinindnosa or constancy of volume. 

In order to obtain uniformity in the testing 
results, it is necessary that tho conditions of 
tost should bo exactly tho samo in caeii ease, 
and that tho porsonnl element should bo, as 
far ns pussiblo, eliminated. 

This has been provided for in tho various 
specifications for Portland cemont, such as 
thoso by tho British Engineering Standards 
Association 1 (B.10.S.A.) or tho Amoriean 
.Society of Testing Materials 3 (A.S.T.M.), in 
which standard motlmds for carrying out the 
tests aro described in detail. 

(i.) Sampling .—It is important that (1) the 
samplo is representative of tho whole consign¬ 
ment; (2) a sufficiently largo sample is seem ed 
to carry out, in duplicate, all the tests required j 
(.’5) tho storage of tho sum pie is such that tho 
quality of the cemont. is not affected hoforo 
the tests aro made, and (4) tho sample is 
pniporly mixed if it is obtained from various 
parts of tho consignment. 

Eight pounds of coment aro usually sufficient 
for a sample. Tho B.E.S.A. specify that each 
samplo shall consist of equal portions selected 
from twelve different positions in tho heaps, 
bags, or barrels. Samples aro usually stored 
in air-tight tins. 

(ii.) Fineness Tests .—Tho finoness of cemont 
for specification purposes is dotormined by 
moans of the weight of residue (ns a percentage 
of tho original weight of the samplo) which is 
loft on a siovo after a definite period of sifting. 

1 British Simulant Specification far Portland 
Cement, Iti)|iort No. 12. 

a Standard Specifications mid Teels for Portland 
Cement, Specification No. V, ti-j.7. 


Mechanical shaker.! urn m * i 
in laboratories whom a In i*ir< 
lma to bo carried nut. Tin;, 
mended, as very litllo !ij»»<« 
pared with efficient linn* I 
results aro not so oonnixloii I . 

It iH usually considered t I) 
vory lino flour of Portlainl i 
obtained by tho use of sieve'j| 
vory lino powders, air m*|»i 
used. Thoso are fully (Iith-i 
eoedings «if tho Jntonmlii >m 
Testing Materials for Jill!?. 

Abrams, 3 ns a result of i i, 
monts on the effect of fin«'tt.i 
tho strength of eonomto, flue I 

(«) In gonoral tho siren-'I,I 
oreasos with tho linom-fin »»J 
comont, but tlioro is im »i 
between tho strength of *« 
fineness of comont if ditt'nr 
used. 

{b) Fino grinding Hlinrlrttri 
is moro offootivo in inereiuiii»j 
lean mixtures than rich mu 
tho strongtli of oomirefo nx.i 
than at times from om* !*► 
i.c. fino grinding expedite;* 1 
the eon ore to. 

(c) If tho mixturo is 111 w. 
inoreuso of strength, duo t<» §t;\ 
hnvored. 

(iii.) Specific Oraviti/,- -Vh*y y 
or its " apparent” density, r t« «r 
ness, i.c, a cement cnaivu-E.v 
heavier woight per oubio f i i 
cemont ground finely. Tim 
sity of commit is only a emt 
“real” densities nr spec:!(to 
tho comonta arc of tho hid in* * 1 


j-.mi.ix o[ rmciir.iii in i p|,i,' 
Test. Mat. Proo., Kill), xlx., p ;i 
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Tho spcei fie gravity of cement is lowered by 
adulteration, hydration,or muler-buniing. Tlio 
differences in tho specific gravity are usually 
so small that it is necessary to exorcise great 
care in making the determination. 

Tho specific gravity of cement should not 
bo less than IHO. The method of determina¬ 
tion which is recommended is by means of 
a specific gravity bottlo. The standard Lc 
Ohatolicr apparatus is especially designed for 
use with cemont. It is a volumenometer in 
which tho liquid used is benzine, petroleum, or 
paraffin which lias been freed from water by 
standing over quicklime {water causes hydra¬ 
tion of tho cement and therefore an alteration 
of volume). 

(iv.) Chp.mir.al Composition .—The chemical 
analysis is not so important as tho physical 
tests on cement. It, however, gives valuable in¬ 
dications in tho dotcction of adulteration with 
considoral.de amounts of inert material, such 
ns slag or ground limestone. It is also used 
to determine whether magnesia and sulphuric 
anhydride are present in oxcossivo quantities. 

(v.) Strength Teds—A finely groundcement 
will tnkoacortain amount, of inert material with¬ 
out reduction of strength, therefore a coarsely 
ground cement will give as high a strength as 
a finely ground one when tho lost pieces nro 
made with neat cemont. As cement is seldom 
used neat', a strength test on the neat material 
is no criterion of its strength when used in 
practice ; it, however, gives information re¬ 
garding the time of sotting and tho soundness. 
Tests on briquettes made with content and 
sand {usually 1 :fi by weight) nro consequently 
specified, as a rule, in addition to those on 
neat cement. 

Commit is never used in tension, yot tensile 
tests are generally carried out in order to give 
an indication of strength. This is chiefly on 
account of their simplicity, rapidity, and cheap¬ 
ness. There in, however, a tendency in Homo 
countries for compression tests let ho sub¬ 
stituted for the iiithorto universally adopted 
tensile method. It is to ho noted that tho 
recent strength tests by Abrams on fineness 
of cemont, already referred to, wore made on 
concrete test plooos in compression. 

§ (150) TnN.srr.iJ Strknqtk or Ckmknt and 
Moutak.—T est pieces used for tensile tcsls 
aro moulded into the form shown in Fig, 108, 
which represents tiro briquette standardised by 
tho RES.A. Tho differences between this 
and the A.S.T.M. standard aro only slight. 

Tho form of briquotto has a considerable 
influence on the results. Coker 1 found that 
tho ratio of tho maximum stress to tho menu 
stress with tho B.13.8.A. briquette is 1-75 
approximately, while tho American and Con- 

1 “Tho Distribution of Stress at tho Minimum 
Section of n Cement iirUiuotte," Inter national Assoc. 
Test. Mat. Pm., itM.0-UU3,11., part 11., paper xxvlil,. 


tincntal forms give n value of 1-70 and 1-05 
respectively. Tho intensity of stress is greatest 
along tho sides of the minimum section and 
least at the centre. 

Either single or gang moulds (see Fig. 10!)) 
nro used for preparing the test pieces, Tho 
latter pormits a number of briquettes to ho 



moulded at one time and arc preferred by 
many laboratories, siuoo tho greater quantify 
of material that ban be mixed loads to produce 
more uniform results. 

(i.) Neal Cement Tensile'.I’cstf ).—Tho quantity 
of water used in gauging has a considerable 
influence, on tho strength of tho briquotto, and 
should bo such that tho mixture is plastic 
when filled into the moulds. Tho amount of 
water varies with different cements, mid it is 



Single 

Mould 



usual to make trial experiments to find tho 
oxnct amount of water that is necessary. 
This varies from 18 to 25 per cent by weight 
of the cemont 

The moulds, during filling, rest on slate or 
some form of non-porous plates. 'They aro 
filled by using tho blade of an ordinary 7J-oz. 
gauging trowel, and it is usual to specify that 
no ramming or tamping is permitted. 

The tomporftturo of the room and of tho 
mixing wafer should bo as near to 10° G. as 
it is practicable to maintain it. 

Tho briquettes are kopt in their moulds, in 
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a flump atmosphere to prevent them from 
(hying out, for twenty-four hours after 
gauging. Tor this purpose n moist elm ml) or 
is a great convenience mid improvement over 
the method of covering the tost pieces with a 
damp cloth, which is liable to dry out un¬ 
equally. A moist chamber consists of a slate, 
concrete or metal lined wooden box covered 
inside with felt, which is kept wet. 'l'ho 
bottom of the box is arranged so as to hold 
water, mid glass shelves for holding tho 
briquettes rest on cleats fixed to tho sides of 
tlio box. 

After the expiration of twenty-four hours 
tho briquettes are removed from their moulds 
and immersed in fresh water maintained at a 
temperature of 10° C. This water is renewed 
every sovon days, and tho briquettes are Jeft 
in water until required for testing. 

Tho strength of cement increases consider¬ 
ably with time from setting, consequently the 
ago at which tho test pieces arc, to lie broken 
is specified. Tho 11.RS.A. specify that six 
briquettes are to bo broken at seven days and 
six at twenty-eight days aftor setting, and 
that tho breaking strength shall not bo less 
than 4C0 lbs. por square . inch at seven 
days, or x -(-40,000/a; lbs, por square inch 
at twenty-oight days, where x ~ tho actual 
strongth in pounds por square inoh at seven 
days, 

The rato of loading has a marked effect on 
tho strength of tho briquettes. The latter 
increases with tho rapidity of loading, which 
has therefore to be standardised. Tho 13.E.S.A. : 
specify a rato of COO lbs. per minute, while 
the A.8.T.M. adopt 000 lbs. per minute. A 
variation from these rates of 100 lbs. por 
minuto introduces an error of about 2 por cent. 

The form of jaws used for gripping tho test 
pieoo is shown on tho testing machine in 
I'iij, 170. Tho load must ho applied without 
shook, and euro should lie observed to seo that 
projecting edges are removed from the speci¬ 
mens to ensure that the briquettes are proporly 
eon trod in tho clips. A deviation of 0-0(12 
inohos from correct alignment will dccreaso 
tho tensile strength from 16 por cent to 
20 per cent. 

Tension tests of cement briquettes are gen- 
erally made in small lover testing machines of 
various types, in which provision is mado for 
applying tho load at a steady and definite rato. 

Messrs. Atlie, London, supply a machine in 
which tho load is applied by a regulated 
travelling poise. Tho poiso is pulled along 
the beam by moans of a suspended weight. 
Tho speed at which the weight descends, and, 
therefore, that tho poiso travels along tho 
beam, is regulated by tho cock in the plunger 
of a dash pot. Tho plunger is attached, 
through tho poise, to the suspended weight 
by an arrangement of cords and pulleys. 


In tho Hailey and Reid patent cenie» *• * {1fi1 <>r 
a cylindrical cistern is hung at the t?n< l 11 
single lover of the testing machine?- -A hiuhU 
stream of water is allowed to flow- i n to I hi'' 
cistorn, enabling tho load to be n]>pli t! ^ 11 
gradual and almost imperceptible? inmmor. 
Tho height of tho water in tho 4 ?iHd:orn hi 
indicated by moans of a glass tube? sindlai' t«> 
tho gauge glass of a steam boiler, find Mm 
graduations, shown on tho outsit!o, i iitlb'iilo 
tho load in pounds, A small triggoi' auto¬ 
matically closes tho water-tap wJ>on tho 
material is broken. 

A further method of applying tlio l«mcl 3a 
indicated in tho machino shown in jf'Vf/* 170. 
This is a compound lever machino xvith Hi" 
load applied by load shot. Tho briipl"i' to in 
hold between the jaws A, the lower jivW f 
attached to a straining screw S, l>y in mum 
of which tho lover L is raised into" -pfiHilinn 
between tlio stops. Tlio load is aqpvli 1 "** 
running load shot from tho con¬ 
tainer G through a channel H 
into tlio bucket C, which is hung 
on to tho end 
of tho lovor. 

Tho rule of 
loading is regu¬ 
lated bymoans 
of the adjust¬ 
able lovor N, and 
tho breaking of 
tho tost jiioco 
automatically 
shuts off tlio 
supply of shot by 
operating this 
lovor. With this 
particular mo- *’ Ia - ^0. 

ehino tho lovorngo is 60 : 1, so that fi f Ly t iinr-i 
the weight of tho shot gives tlio Jji'«!itf<iii|; 
load. Tho lovorsarelloated boforo tent ing by 
adjusting tho balanco weight W. 

(ii.) Mortar (Cement and Sand) Tcn.'tilfs 'i ’rnln. 

—Thoroughly washed and dried sand (o ] >tn i nod 
from Leighton Rusw-ard in Great Briinin), 
which will pgBs a 20x20 mesh siovn bill, 
not a 30 :< 30 mesh sieve, is used for to.sta in 
which sand is required. Tlio wiroa for llm 
sieves arc 0-0104 inch and 0-0108 IimiIi in 
diamotcr respootively. 

The cement and sand aro mixed in Uu? 
proportion of 1 : .3 by weight for tho Htuuc Jnrd 
best pieces; about 1 : [ lb. of eoinont mtd 
3.J lbs. of sand will mako 12 briquettrn. 
gauging must bo made without any o.xocwj 
of watov Jjcing present, Tho quantity < . f wt Ut r 
is approximately 10 por cent of tlio im »(,,,[ 
weights of tlio sand and cement; (fio oximl 
quantity required should bo dofcorminocl |»y H 
trial mixing. 

Tho gauging is carried out on soma form of 
non-absorbing surface, preferably gliinn, v/itb 
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a room tom pom turn find water temperature 

of 1(1° C. 

Tko method of filling is described by the 
B.E.S.A. specification us follows : 

“ TIlo mixture gauged as abnvo shall be 
evenly distributed in moulds of the form re¬ 
quired, each mould resting upon a non-pormis 
plate. After filling a mould n small heap of 
the mixture shall bo placed upon that in tho 
monkl and patted down with tho standard 
spatula until (lie mixture is level with tho top 
of tlio mould. This last operation shall bn 
repeated, a second timo and tho mixture patted 
down until water appeal's on the surfaoo ; tho 
flat only of tho standard spatula is to bo used, 
and no other instrument or apparatus is to 
be omployod for this operation. Tho mould 
after being filled may be shaken to tho extent 
necessary for expelling tho air. No ramming 
or hammering in any form will bo permitted 
during tho preparation of tho briquettes, which 
shall then ho (unshed olf in the moulds by 
smoothing the surfaco with tho blade of a 
trowel.” The standard spatula is shown in 
Fit/. 171. 

Various types of moulding and mixing 
machines havo been devised mid are in use 
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in sonio countries. They are, liowevor, not 
allowed by tho H. E.N.A.npecilicaliim. Meehan i- 
oully moulded hriipioUeii givo grcnlor strength 
than hand-moulded ones. 

Mortar briquettes are stored in moist air 
for twenty-four hours mid then in water (at 
Id 0 O.) until reipiired for lestiiig. They should 
bo'broken as soon us possible uflor being taken 
out of tile water, and should never lie allowed 
tu dry. Thu It, 1‘LS.A. speedy that nix bri¬ 
quettes are broken lifter periods of seven and 
twenty-eight days respectively, at a uniform 
into of loading of .700 lbs. pnr minute (4100 lbs. 
por minute in the IJ.N.A.). The strength slioiihl 
not bo loss than 200 Him. per square inch at 
seven days after gauging, or if-I 10,(H)()/.r lbs. 
per square inch twenty-eight, days itflor gaug¬ 
ing, where m-Tlie noliml strength at seven 
days in pimiidM per mpmro inch. 

$ (157) 4*11A11AOTKUIHTJI) EQUATIONS |. , OH 
Tmnhiuo Ti:«TH.---Umvin 1 has found that the 
rate of hardening of cement ami cement 
and Hand briquettes follows, very approxi¬ 
mately, a simple law. 

If tho strength of the briquette in pounds 


1 7Vslfiif/ of- MutvrMn of amstrudimi, HMD oil. 
' p. '150. 
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por square inch at x weeks after gauging, and 
a, />, and n are empirical constants, Unwin 
found that i/=b-|-4;i:". 

n is constant for one comerit, and if u bo 
taken ns the initial strength after one week, 
,»/--« -I- b(x - I)". 

Tor tension briquettes the gain of strength is 
nearly proportional tu tho cube root of tho 
timo of hardening. 

Thus for Portland cement in tension it ■■■ * 
and 1, 

where a— tlio initial strength (at 7 days), 

b-a constant varying with the rate of 
increase with time. 

These two constants give a clear indication 
of tho character of the cement. 

In the H.E.S.A. specification for neat cement 
briquettes, wlioro tho lowest value which is 
accepted for it is dot) lba./sq. in., and 
tho minimum value for \j is therefore 
=•150 40,000/450 =f>3i), 

i/ = a-i bijx- I, 

and if x = 4, 

m =dr.o -i- (> 

therefore fe—(11-8, 
or 1 50 I- 01 '8 ^;r - T. 

Sj(lf»K) Siirrisu Tim I-:.—Thorn in a distine. 
tlmi between setting and hiinleuing. Tim 
initial milling is the onmmoiieomcnl of Urn 
chemical action which occurs when the wider 
combines with tho cement; hardening is a 
much slower process. As a disturbance of 
the sotting process may produce a loss of 
strength, it in desirable Mutt the undid sotting 
is not ialermptcd, and that the whole opera¬ 
tion of mixing and moulding should bo com¬ 
pleted before the commit begins to set. 

Tho initial setting Lime in the time which 
elapses from tho moment water is added until 
the paste ceases to ho fluid and plastic. IVor 
the It. M.tS.A. spcoiliontion the time is taken 
from the moment that tlie spouinl mould is 
filled with the gauged cement, ami not from 
tlie time Unit water is lidded In the cement. 

'The filial set is acquired when the material 
attains a certain degree of hardness, 

The It.RS.A, HiHioilieatiim of March llHfi 
reeiignised three dislinut gradalions of time 
ef selling, viz.: 


(trade. 

Initial Setting 

Filial Helling Time 

Time In Minutes. 

In Minutes, 

Qulolc 

Not less than - 

in to :io 

Medium . 

Not Icon Minn 10 

!ll» (n 180 

Slow 

Not less than lilt 

1RI> (o <120 

. 


In the revised specification (August 1020), 
the medium and slow setting cements ins* 
replaced by a grade having a minimum initial 
Hotting time ef 20 minutes mid a maximum 
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final sotting time of 11) hours. The quick 
setting guide is retained, hut (ho minimum 
final setting time is not now specified—the 
maximum final set ling timo is not to he 
greater than HO minutes. 

The test block for sotting timo is in ado in 
a special mould (80 mm, diameter and 40 mm. 
high) mid filled with neat cement, mixed and 
gauged in the manner described for tensile tests. 

The time of initial setting is determined 
empirically by the timo taken, after filling 
the mould, for a weighted needle to cease to 
piorco the test block completely. The B.13.S.A. 
specification has decided on a special apparatus 
for carrying out this test called tho “ Vioat ” 
needle. The needle is ono millimetre square 
in section with a flat end, mid tho total weight 
of needle and attachments is .‘100 grammes. 
Tho apparatus is fitted with a dovico for 
measuring the depth of penetration of tho 
needle. 

The final setting time is determined em¬ 
pirically by the same apparatus, but using a 
slightly difl'oront form of needle. A needle of 
the same section as before projects 0-fi mm. 
beyond a liollowcd-out circular culling edge 
(fi mm. in diamotor). Tho final setting time 
is taken as that whon the needle makes an 
impression but tho circular attachment fails 
to do RO, 

Tho sotting times nro affected by tho tom- 
poratui'G of tlio mixing wator, the percentage 
of water used, and tho tomporatnro and 
humidity of tho air. It is proforablo for tho 
tests to bo conducted in moist air. 

§ (l fill) Soundness on Constancy of 
Volume,—A cement which romahiB perfectly 
sound is said lo bo of constant volume. 

, Failure is shown by cracking, swelling, blow¬ 
ing, or disintegration, To ascertain tho 
soundness of Portland commit a rough test 
is to make a pat of cement A inch thick, 
gauged witli 2fi por cent by weight of clean 
water on non-porous material, preferably 
glass. This is placed in water at 1(5° C., 
nftor twenty-four hours in moist air, and left 
there for inspection at intervals; it should 
show no signs of failure. 

This test is sometimes accelomtod by ex¬ 
posing a pat of tho ccmont for livo hours, in 
an ntmosphoro of steam, to a tomporatnro of 
1)8° 0. to 100° C. 

Tho test specified by tho B.E.S.A. is tho 
Lo Chftfcelier test. This is mado in tho ap¬ 
paratus shown in Fig. 172, which consists of 
a small split cylinder of brass (0-5 mm. thick) 
forming a mould 30 mm. internal diameter 
and 30 mm. high. On cither sido of tho split 
two indicators with pointed ends nro attached. 
The distance from tho ends of tho indicators 
to tho centra of the cylinder in IGS mm. 

lho Lo Chatnlicr test 1ms been accepted | 
luuesorvcdly in England, and tho International I 


Association of Testing Materials 1 decided to 
recommond tho method as tho standard acceler¬ 
ated test for constancy of volume of cements, 
The mothod is to be earned out as follows : 

“ The commit is gauged and filled into tho 
mould on a plate of glass, the edges of tins 
mould being hold together. When tho mould 
has been filled it is covered with a plate of 
glass hold down by a small weight, mid the 
whole is immersed in water at lo° (!, f,, r 
twenty-four hours. Any tio or hand which 
lias been used to keep tho edges of the mould 
together during sotting timo is then removed. 
The distance hotwcon the indicator needles is 
thou measured and the mould in placed in 
cold water, which is raised to a temperature 
of 100° C. in tho course of half an hour and 
is kept boiling for six hours. Tho mould is 




removed from tho water, and after it has pooled 
the distauco between tho indicator noodles is 
again measured. Tho difi'eronco between tho 
two measurements represents the expansion of 
‘ho commit. This must not exceed ten milli- 
metres whon tho cement lms boon acratod for 
twonty-four hours, and five millimetres when 
tho cement has been aerated for seven days.” 

§ (100) Effect of Stohaoh of Cement on 
the Strength of Conoketk. —Abrams 2 finds 
that the ofi'cet of storage of cement on tho 
Strength of concrete or mortar is largely a 
question of tho ago at which oonoroto or 
mortar is tested. Tho storage period and 
tho ago of the concrete or mortar at test are 
of greater importance than tho oxnot condition 
of storage, so long as tho cement is protected 
from diroot contact with moisture. 

Tho deterioration of cement in storage ap¬ 
pears to he duo to absorption of atmospheric 
moisture, causing a partial hydration, which 
exhibits itself in redlining the early strength of 
tho concrete and prolonging tho timo of sotting. 

Compression tests of concrete and mortar 
show a deterioration in strength with storage 
of cement for ail samples, for all conditions 
and periods of storage, and at all test ages, 

it. (i. n. 


muiilLlr, 


Af v/, Accelerated Tests of the Constancy 
iw io?m «£. OpWMWte." iHler. A mw. Test. Mai. 
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Measuring Instruments for determining. 
See “ Elastio (.’onst-anls, Determination 

<>f,” § <+)• 

Methods of Determination. See ibid. 8 (5). 
'Ki.aktkj Limit : 

Definition and Method i>f 'Determination. 
.Son “ Kluslio Constants, Determination 
of.” 5} 

Determination of hllustio Limit. by Change 
of Temperature. Son ibid, § (112) (i.). 
lOijASTio Limit and Yuan Torn*. Method 

of determination at. high temperatures. Son 

“ Elastic) Constants, Do form illation of,” 

5 (IKS). 

Elahthiity, Ihotiibiimai. and Adiaiiatto. 

.Son “ TherniodyriaimuH,” 8 (55). 

ELASTICITY, 'I'lIIOOItY Ob’ 

5} (I) iNTUOlMJO’rnuY. — Tho theory of elas¬ 
ticity in noncorned with tho small relative 
displacements of different points in a body 
whioli (iiiwir under tin* notion of applied forces: 
tho forces may or may not constitute nil 
(Kpiililmiting system, but in tho great majority 
of examples which have hoon li-oalod hitherto 
they aro both in oi|iiilibrium and steady, ho 
that ultinmtoly (bo problom in ono of tho 
Nlulir.H of oaoli component partiolo. Logicully 
considered, tho Huieneo follows that of rigid 
dynamics in tho process of dovnlopmont liy 
whioli tho Hoopo of mnthonmficml analysis 
has boon extended to onihriuio morn and mom 
of tho proportion of real bodies. TIihh, tho 
theory of tho “ dynamios of a partiolo ’’ trouts 
of motion in its simplest form, und oun 
ho applied to problems in whioli it is sulli- 
oiontly accurate to ussuino that tho displace¬ 
ment of every partiolo iH tho Hinno. Rigid 
dynamios takes account of the additional unm- 
ploxity introduood by rotation, whereby the 
motion of a oonsfifmmt partiolo depends upon 
its |)oHilioii in the body; lmt it retains the 
assumption that tho distance between any 
two particles is cmolmiipinp, und is Huih 
equally powerless to deal with snolt probloins 
relating to tho behaviour of real bodies (in 
whioli cibsoluto ripidity is never oxporionoeil) as 
tho determination of the pressures with whioh 
n heavy beam will hear upon three or more 
supports. It is left for the theory of elnsfioify 
to bring problems of this nature, for Lite lirst 
time, within the runpo of exact enlenlolioti. 

8(2) l']r.AHTioiTY dkitnki).—K mutieiUly all 
materials whioli are i*m]*h*yed in eonstruethm 
exhibit in seme depree the property of chin- 
Unity; that is to nay, they deform under the 
notion of applied foreea, hut when the foreea 
are removed they reeover their original shape. 
In tlie theory of olustieity, as at present de¬ 
veloped, this property is regarded as absolute, 
and the applicability of its results to prnotiee 


is limited in the main by the extent to whioli 
actual materials may lie considered lo satisfy 
its fundamental assumption—Dial, their be¬ 
haviour under applied forces is independent 
of their previous history. It is doubtful 
whether perfect elasticity, as (Inis defined, 
is exhibited by any uetnal unilcriul. 1 Thus, 
the behaviour of wood under applied forces 
is dopondenl to a considerable extent upon 
ils dryness and temperature, and of rubber 
upon the forces to which it lias recently been 
subjected : most metals and other crystalline 
materials possess practically perfect elasticity 
under small forces, lmt their hehavimir depends 
in part upon their previous history when the 
forties exceed curtain limits. 

§ (5) Nth ass ANFr Ntiiain.- —In tho develop¬ 
ment of the prooiso niallioiualliical theory, it 
is found convenient Lo introduce two now 
physical concepts, for which wo employ tho 
terms “stress” and “strain.” To under- 
stand these terms, wo mny <:iinsider tho million 
or equilibrium of that portion of an elastic 
solid which is contained within Hie volume oT 
the small pimdlclo- 
piped indicated in ■/ f 

1. Tho can- | K JfV 

tamed material 
will in all practical 

iiiHtanecH he Hub- l* 1 '">•••' 

jeeted to body .-''I'l. - \f 

ferces Hlioll as q --->.v 

gravity, and to b‘io. L. 

balance these (and 

also lo overcome ils inertia, if tho niatorml is in 
accelerated motion), forces must be exerted 
across tho containing faces by the surrounding 
material. Wo need not onnoorii ourselves 
hero with the dillioult physical problom of 
explaining the mechanism by which these 
forces are oxerled : it is siillicicnL for our 
purpose to remark that tho notion, whatever 
it is, must bo of a reciprocal nature ; Mint is 
(o say, tho furco which is exerted upon tlm 
contained material, uciohs the face A HI HI, by 
the surrounding material must be erpml and 
opposite to tlie force which is oxerled by tho 
contained material, across the same face, upon 
the surrounding muteriul. Similar consideru- 
tirnis will apply in regard to the other faces, 

(7imlining our attention to the forces which 
are exerted vjitni the contained niateriid, lot 
ns denote by 1’ tlm resultmit force exerted 
by tho total action across the face A 111 Ml. 
Whether the clastic solid us a whole be in 
equilibrium or in motion, the magnitude of I’ 
will depend upon the urea of this face ; hut 
the quantity defined by 


r i* 

t Area, of A Kl>(,\ 


• (I) 


1 Hue “ tilimUc (.'oiihIiiiiIh, Determination of." 
$§(N)-(2. r .): “ Hindu res, Strength of." 
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will tend to a doliiiito (mid in general 
(iuili)) limit us the men ia indefinitely re¬ 
duced, mid to this limit wo give the term 
“strewn.” 

Thu dimousiuiiH of u stress can evidently 
he mpreacnLcd liy [MjfLj" 1 [O'j- 3 , and it is 
clear from Llio expression (1) that it shares 
many of Uio properties of a force. It luis 
ningiutudo mid direction, and tho stresses 
ueting on a given .surface cun bo resolved and 
compounded by Uio vector law: further, 
from what has been said above, it is really n 
quantitative expression for the intensity, not 
ho much of the action on any definite portion 
of the material, ns of Uio mutual notion be¬ 
tween the two portions of material which uro 
Hopurntcd liy a specified surface. 

Just ns the idea of “ stress ” is an extension, 
for tho H|i(!«iul purposes of our subject, of tho 
familiar oonoopts of mechanics, so “ strain ” 
is n development of the purely kinomatio 
concept of relative displacement. Kovorting 
to fVi/. 1, wo assort that llio mntorial under 
ootiHidoration will be unstrained, wlmtovor its 
motion as n whole may be, so lung ns tho volume 
occupied by any dolinito part of it remains 
unchanged both in size and aliapo ; tho motion 
of unstrained bodies Is thus tho province of 
rigid dynamics. On the othor hand, if wo 
consider the material wliioh in one configura¬ 
tion is contained within tho parallelepiped 
AHIXJKi'TfO, and if in a second configura¬ 
tion tho same mntorinl is contained within a 
volume of dilforout size or shape, thou wo 
may say that llio second configuration can ho 
obtained from tho first by a process involving 
strain. 

Confining our attention to tho edges of tho 
original parallelepiped, wo notice that strain 
may involve a elmngo in ono or nioro of the 
fines AB, HD, . . ., etc., or in ono or more of 
tho angles CAB, CAB, . . ., ole., or in both. 
Stretching of the mntorinl in tho direction of 
tho axis O.r will bo accompanied by a change 
in the length of Alt Lot A' and B' donoto 
tho now positions of tho points A and B: 
then tho fractional alteration in tho length of 
AB will bo given, by 


rA'B'-Ain 

5- L .All 


( 2 ) 


and whilo both tho numerator and llio denom¬ 
inatin' of this expression lend to zero in tho 
limit, as tho Longth AB ia indefinitely reducod, 
fcilcir ratio will tend to a limit which must 
bo finite (if wo oxoludo tho possibility of dis¬ 
continuous displacements, which would in¬ 
volve rupture of the material), but will not 
in general lie zero. To this limit wo attach 
the definite term “ stretch ’’: it is dearly a 
non-dimensional and scalar quantity , 1 

] Tim term '‘extension" Is also used to denote 
tills quantity. 


In much llio same way, wo may mcuiHiiru 
tho change in the angle CAM by thecal 11 

7 —CAE -CLVi'C. .. . - 

For strict eonforniity with (2), wo ou£gl ll -> 
ceurso, to divido tho quantity on th° right 
by the oiiginui magnitude of the unt?^ e ' ,^ U 1' 
owing, probably, to the fact that 7, a» tlolhmcl 
in (15), is already a non-dimonsiotiul Hioilnr 
quantity, it has become customary to tliHpeiiNO 
with this operation, and to define 7 an if**’- t'nhic- 
of thu expression (II) when lhe origin < f l ctiiffh'. 
CAE is specified to be a right (t)ojle. Wo tdiua 
obtain tho concept of u soeoncl typo <*f wLi'iun, 
to wliidi is usually given tho term “ hIuuu’- 
strain,” or “ slide.” 

§ (4) Intiou - Ri'X.vj’iON of AN1 * 

Sthain. Mookk’s Law. Puiutum: ox-’ Surrat- 
rosiTfox.—Making uhc of tho tor if* H wliioh 
wo have tluis defined, wo may say tlint tin* 
theory of elasticity is ooncomod "vvil-ii thn 
determination of tho stresses and nt-mins 
whieli occur in a iiody undor tho of 

applied forces, and tho fundamental uHHiun|j- 
tion oxpluinetl in § (2) may bo coiTeHpoinI iugly 
expressed by saying Hint a perfectly <loiiriitn 
stress will accompany any given strivin, nnd 
vice versa. We must now refer to nnodii'i' 
assumption, totally different) both in mituro 
and importance, although in tho development 
of tho theory it has become almost as jfiituln- 
montal ns tho nssumption of perfect oliiHtioily. 
This assorts that the relation between wb'cx.s awl 
strain is one of direct jnoporlionalitt/- TJml 
tho assumption is representative of notunl 
materials was first discovered, in 1 <J7H, by 
Hooko, and the relation is for thin mimm 
commonly known as “ .llnolco’a Daw.** 

To give precision to 11 Hooke's Liuv," tho ooiintant 
of proportionality requires to he stated, nix I \v«* niunt 
therefore consider what arc Llio possible of 

stress anil of Hindu. Wo luivo bcpii in § C* > that tin* 
total stress across nny imaginary mirfnoo it) 11 I indy 
can bo resolved into components by the vcelor lim, 
Let us tlicu resolve in (ILrccllonn normal and tan¬ 
gential to the mirfneo. Tho first coinponetlb t»my la* 
termed 11 “normal stress," since it cmiHtituU'M mi 
notion bctwcon the two portions of malarial which 
lie on opposite sides of the surface, lending t< > (iievent 
their relnlivo motion in a direction normal lo (ho 
surfaeo : if tho action tends lo prevent thrir /rc/wra¬ 
ti mi it is termed 11 “ tensile stress,” and if it. tom In 
to resist their approach, a “ coinpressivo n( resin." 
TI10 convenieiico of thcao terms in obvioim, oinen 
they desoribo the atrcsac.s which occur <»i [irai'i. 
sections of a straight rod under tho notion * if *.ud 
tension and compression respectively. 

For a oomponoat stress of whioh tlio direc l inn in 
parallel to tlio surface it is usual to employ tho (crimi 
“ tnngonlinl " or “ slioar Htress,” These lornui de¬ 
scribe an aelion between tho two portions of mn Undid 
lying on opposite sides of tlio surfnee, wliiolr ItMlibi 
to prevent them from sliding relatively to emo 
another, without separation; it will 1m rem I bird, 
therefore, that shear stress is brought into notion, 
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by solid friction, at Hie surfaces of two bodies 
which mo in contact ami sliding relatively (o one 
another. 

Before proceeding further, it will bo convenient 
to introduce a notation for the component stresses 
which wo have just discussed. Let ns consider the 
action at the face OIMKJ of the elementary pnrnllclo- 
piped of Fig. I, and let flio forco exerted on tho 
parallelepiped by the material which lies on the 
z side of this face be resolved into components IV* 
]>„ and 1*2, parallel to tho axes O.r, 0;/, Oz re¬ 
spectively. Corresponding to the coniponenfs I‘* 
and I'y we have tangential stresses, which wo may 
denote by 'A x and 7,j respectively; and corresponding 
to I.’, we have u normal stress, which wo denote 
similarly by V, z . It will be noticed that in this 
notation the capital letter defines the fnco on which 
the stress in question nets, whilst tho suffix denotes 
the direction of the force, exerted. 

Passing through every point in tho material wo 
have fchroo mulimlly porpendioulnr faces of tho 
hind just considered, und on each thero aro threo 
independent components of stress whloh require 
symbols. Nino stress•eomponents aro thus intro¬ 
duced, namely, three normal stresses, X*. Y„, 
and six tangential stresses, X v , X*, Y z , Y x , 7. x , 

But tho lust six components can be reduced in olfeet 
to threo, since wo may show that 

X y -Y„ Y t ~Y. v . . . (•() 

These relations may ho proved by considering 
tho equilibrium of an elementary parallelepiped, such 
an is shown in Fig. 2, which requires, inter alia, 



that thero shall be no tendency to rotate. A liltlo 
reduction shows that body forces such ns aro oxerted 
by gravity, if of (inilo intensity, have a negligible 
turning otYcet, ami that tlio only components of 
stress which lmvo a tendonoy to turn tho pnrallclo- 
piped about tho axis YY (if tho dimensions of tho 
faces aro so small that tho resultant forco corre¬ 
sponding to any Btvcss onn be assumed to net at tho 
centre of tho fnco affected) nro the components X s , 
on tho two faces whloh are normal to the u’-nxia, 
and the components Z*. on the two faces which are 
normal to tho z-nxis, Tho total forces contributed are, 
for tho former stresses, of magnitude (X* . AO. AD) 
(wo liavo to multiply tho stresses by tho arena of 
tho faces upon whioh they not), and for tho latter, 
of magnitude (Z*. AB. AO), us shown. Now tho first 
two forces act in opposite directions along lines 
whioh aro a distance-AB apart, and,the second in 
opposito directions along lines whioh aro a distanco 


AD apart: thus flic first pair produces a couple, of 
magnitude {X*. AB. AD. AD), and the second a 
couple of magnitude (Z* . All. AO. AD), and (as ib 
evident from (lie diagram) of opposite sign. Jho 
condition of equilibrium therefore requires that 
Z*. AB. AC. AD=X.. AB.AC. M>, 
whence the. third of tho relations (I) follows directly, 
and the other two relations by similar reasoning. 

Tt can he shown that the stress-components 
defined *ui above, mul reduced in number, by tno 
relations (4), to six, are sufficient for representing 
(lie most general system of stress which can obtain 
at any point in a body. .By menus " f c< ' rl,im 

formulae of transformation," tho stress-components 
on any other plane through the point can be written 
down, and it may bo shown that in any possible 
system of stress thero will ho Him) planes through 
any point, mutually perpendicular, on which tho 
stresses arc purely normal. Hence,.in proceeding to 
derive the exact stress-strain relations required to 
give precision to Hooke’s Law, wo may confine our 
attention to a system of three mutually perpendicular 
normal stresses. 

Notation is similarly required for tho different 
components of drain. In § ( 3 ) wo considered two 
distinct types, to which we gave the names stretch 
and “slido.” Wo now introduce the, notation <?« 
for tho stretch ill tho direction of tho axis Ox—tho 
double suffix Indicating that the strain in question is 
a relative displacement of two planes, each of which 
is perpendicular to the axis of * ; and in conformity 
with this notation wo employ tho symbol c„, for the 
angle y defined iff (»)—Mto double suffix hero 
indicating that tho strain in question is a relntivo 
displacement of planes whioh aro perpendicular to 
tho axes y and z respectively, it is obvious ‘hat 

C,„=*<Vc, fvz^ftv W 

so that corresponding to our six distinct components 
of stress wo have six distinct components of strain, 
and these may bo shown to ho sufficient for denning 
tho most general typo of strain whioh cun obtain 
at any point. By means of “formulae of H' 1 ''in¬ 
formation ” similar to those whioh wo have noticed 
ns holding for stresses, wo can express in terms of 
e „, . . Cyn . . oto., tho siniiii-oompononts 
corresponding to any other system of axes, and wo 
may provo that in any possiblo system of stress 
thero will exist three directions through any point 
whioh mo mutually perpendicular, both before and 
after strain: the strains in then directions arc 
termed " principal strains ” at tho point considered, 
and the directions themselves arc loniicd principal 
directions of strain.” 

Considerations of symmetry show that tho 
principal directions of strain. will always 
coinoido, in materials which aro isotropic,—~i.c, 
which exhibit similar properties in all direc¬ 
tions,—with tho directions of tho threo purely 
normal stresses to which wo lmvo referred 
abovo; wo shall thoroforo define our stress- 
strain relations completely if wo can write 
down relations botwcon tho three “ principal 
stresses,” as they aro generally called, and tho 
corresponding “principal strains.” Wo begin 
by considering tho strain system which is 
involved by a simple tensile stress, of amount 
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Tj. This stress will evidently he ono of tho 
three principal stresses at the point considered, 
and the other two will he zero • it might ho 
expected, therefore, that two of tho throo 
corresponding principal strains will vanish. 
Experiment shows, howovor, that tho facts 
are different: tho tension T\ is accompanied 
hy a proportionate stretch in its own direc¬ 
tion, together with proportionate contractions 
(i.c. stretches of negative sign) in directions 
perpendicular to this. That is to say, if wo 
choose our axis of x to coineido with tho 
direction of T„ then corresponding to Urn 
stress-system 

X*=T„ Y„=Z 3 =0, 
we liavo the strain-system 


T T 

e tx — -Tf, Cjn—n,. = -ac. xx = ~ a- 


(«) 


"'hero 1C and o, by Hooke’s Law, are constants 
of tho material. 

The quantity E is known ns Young's Modulus. 
It evidently has the dimensions of a stress, 
and may in fact ho defined ns tho stress which, 
acting alone, would involve a stretch of 
magnitude l— i.c, a doubling of tho distanco 
between any two points in tho matorial— 
measured in its own direction. 1 On tho othor 
hand, tho quantity denoted hy a ib non- 
dimensional, being the ratio of the lateral con¬ 
traction to tho longitudinal extension 

( e /i) : ^ 10 known ns Poisson's IlrUio, and 
tho fact that it lias finite values in actual 
materials introduces very considerable com¬ 
plexity into tho calculations of clastic theory. 

Similar expressions will give tho strain- 
systems which correspond to tensile stresses 
acting in the directions of O y or Ozj thus, 
corresponding to tho stress-system 
X*—0, Y v =T 2 , Z 3 = 0, 
wo lmve the strain-system 


C X£ — 


'I’a 


E’ 


_t 2 

>~],y 


t 3 


and corresponding to tho stress-system 
Xa = =0, Z 3 =T a , 

wc have tho strain-system 


3 

E' 


% 

E' 


(?) 


( 8 ) 


The most general system of stress, ns wo 
have soon, will involve three principal stresses 
at every point, and hy a suitable choice of axes 
ifc can bo written in tho form 

X*=T„ Y„=Tj, Z,=T„ 

x,=Y,=z,=a / • (°) 

We can at once write down tho corresponding 
strain-systoin, by moans of tho relations (0)-(8) 
above, if wc may assume that each component 
1 Tills Is on the nssmujillon Mint the elusfic 
seHniwi? 1 " f , lhc '"'''T' 1 ' 11 n,(! «»t inipnlreil hv |.)!« 
not ’1 <>f ? ■ S 1 ,1 ; 0BS <lf , tho innKiiltuile eonsiilmsl ; in 
actual materials, as la stated Inter (S (■?)), failure of 
elasticity would occur at a very much smaller stretch. 


stress is accompanied hy the. saw*' .'tint no 

whether it acts alone or in can j mu’t ** >,i 
others. This assumption cannot ho coin |>L-li4 
justified on a priori grounds, hut nil i>xjniri 
mental evidence supports it, and it Iiiih licu-om 
ono of tho foundations upon M'ltiol) •■liinli 
theory has been built up. It known as thi 
Principle of Superposition. 

Wc adopt, tiieroforo, for thn stmira-H.V'-den 
corrospotuling to (0) the following 

®» = jjjlXjj —ir(Y v l-Z.)},"1 


=^\Y u ~o{'A._ -1-X. r )), 


10) 


e « ™ p; ~ (J (X, -1- Y„) {-, 

•■tv ~ I'm ~ •‘ex ~ 0, I 

nml from what has boon said ixLovn if. will )*u 

evident that in those oqiiiitioiiH Avolmv*’ a ■*•««in- 

ploto anil definite statement of the Klirss-:il ruin 
relations, in an isotropic mate rial, of wJiii’li 
Hooke’s Law is the qimlitutivo e.v pr^'iininii. 
It is easy to deduce from tiioin tho following 
alternative forms of the stress-strain ndut it mu : 
(l-o-)E r a . , 

(l+«r)(l- 2 ff)r r * ”l <! «) J • 1 


X 


V _ (I -*)n 

" "(1 I-I7)(l — 2<r) 


(n: 


c vu + -J- Cj..,.) ) 

w _ (1 -ir)lfi f a ► I 

(1-1-1r)(l -2,r)1 C ” + 1 - •' »W } ' f 

X»“ Ye~ 55 * — <>. i 

§ (H) StUUH.H - ST1IATN EmI.ATTONH INI TIM! 
C4BNKRAI. Oakio. — Equations (II) give 1 he 
principal stresses in terms of the pit iwipnl 
strains. They are frequently writteni in the 
aimplor form 

X*—XA -|- 2 pe. ir , 

Y U — XA -1- 2/lPyy, 

V> B X A -l- 2/m„, 

'* %i*~ K 


whore X =. 


(Ui) 


(1 +<r)(l — 2trj* " (1-|-<r)* 
and A denotes the quantity | 

Cxt.- I^trl-c*,, J 

wliieh is known as the dilatation. Ol»v hninlv 
A represents the fractional ohnn/'o of v<itnmo 
which will ho produced in an nlimitmltiry 
parallolopipod of tho innteriul, ns tlm i-«-nulf, 
of tho three strains c„, e. uul and «„ oetMin ing 
simultaneously, if wo may regard Ihi'mii mI ruins 
ns small j for this fractional chango in |gi v*<u hy 
5V . 

-y-—(l +<!*„)( I H-|»i, B )(l -}-C ss ) — 

= 0 .ra'|-Cyy -|- C sa , 

if wo neglect small quantities of ordtn* liiirWr 
than the first. 

By addition of the throo equations ( | £») 
liavo 

X. + Y, TZ g =(3X -i-2/t)A, 
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A- 


( 13 ) 


arid if tho throe* Crosses X',, Y„, and /. uro 
eqiml, and of magnitude T, tliiH equation 
may lm written in the form 

ar 

:i\ + v. 

which gives the fractional incrcaso of volnino 
eiuised hy a stress of uniform intensity T in 
all directions. A stress of this nature, but 
negative iti sign, is produced hy the action of 
hydrostatic pressure : the fractional change 
of volume is also negative, i.c. a contraction ; 
and the quantity ^(JhX-l-2/<), which evidently 
corresponds in equation (13) to the quantity 
H in the oxpronmoii ((i) for is hy analogy 
termed the Modulus of ComprcMion, or Hulk 
Moiluluu, of the mntorial. It is often convenient 
to have a special symbol for tho quantity, 
although it is not an independent constant 
of tho mntorial, and tho symbol usually em¬ 
ployed i« K : wo havo, from (12) and (13), 

K = K3X-h2 A i)=^ (T L. . (14) 

Another constant of frequent occurrence, 
also expressible in terms of .12 and a, is the 
“ modulus of rigidity," often denoted hy C 
or N. Wo may conceive a fitims - systom 
suoli that a small euho of the material is 
completely free from stress on two opposite 
faces, and subjected to simplo shear, of in¬ 
tensity 8, on tho other four: the relations 
(4) show that the shears 
on one pair of opposite 
faces must bo equal to 
the shears on tho other 
pair, and wo may there¬ 
fore tako Fig. II as repro- 
sonliiig tho stress-system. 
If wo consider tho corre¬ 
sponding stress across 
tho diagonal surface 
AIICI), it is easy to show, from the condition 
for equilibrium of either of the two parts into 
which this surface divides the mi ho, that it will 
he purely normal, tensile, and of intensity S ; 
similarly, the stress on tho other diagonal plane 
will he purely normal, compressive, and of in¬ 
tensity H. 1 f, therefore, we take our axes of x, 
y, and z parallel to HI 1 ', .HA, Al) respectively, 
wo hco that the stress-system will ho given hy 

X*=S, Y,«-S, = 

:::(), ./ 

and tho corresponding strain-system, by (10), 
will be given by 



(15) 


1 -I- o ' c , _ 
e «~~ jjr •«— v> 

e„«0. 


• ( 10 ) 


Thus wo see that tho diagonal HI' 1 will 
longthon by a fractional amount (1 H <r)(S/K), 
and that tho diagonal AH will contract by a 
like amount. The two diagonals will remain 


perpendicular, and if dashes indicate positions 
aftor strain, wo havo 

tan A'F'C'-- „(1 _+Ctfi;)Af! I t P-m 

E'(V ~ (f-l- c„)i2< 1 ~ 1 -t pj 

Now the change produced hy strain in the 
right angle AMI! is obviously eijual to 

|-2(A'E'Cr), 

and this change is the angle y of shear strain, 
or “slide,” as defined in equation (5) of § (3). 
Tims wo have 


- v - tail - 


i/l i'V| 

U+fiJ’ 


whence 


tan 

2 2 a » 


= 4 (c«-c bv ), 

if wo regard the strains ns small, and neglect 
Binall quantities of the second order. To the 
samo approximation, wo may write y /2 for 
tan y/ 2 ; wo thus obtain, finally, 

7 -t-n-tvv, 

= 2 ( 1 , 4 . • • • ( |7 > 

TI10 “ modulus of rigidity," by analogy 
with tho definition of H wliicii has been given 
above, is defined us the intensity of shear 
stress required to produce a slide of amount 
l. Hence the slide 7 which corresponds to a 
shear stress S is given hy 

.(i«) 

and hy comparing ( 17 ) with { 1 H) we see that 

( '~2(1 -i-ir) ! ‘ • ‘ (10) 
that is to say, tho modulus of rigidity 0 
(or N) is identical with the constant /.i of 
equation (12). 

TJ10 results expressed by (M) and ( 10 ) enable 
us to impose eerUiin limits njxin Ilia values wliiah 
are possible for <r. ft is clear that tho three moduli 
denoted above hy 10, (?, and K must all lut jiositlva: 
otlicrwlso, it would ho possible to obtain an in- 
dofinito supply of energy from elastic material hy 
putting it tlirougli nil appropriate uyolo of Htress, and 
tho principle of Conservation of Energy would In* 
violated. It follows that the two rnlios K/H and' 
0 / 13 , and heneo tho quantities 1~Strand ]-|<r, uro 
necessarily positive : that is to say, u must lie within 
tho range given by 

--1 

.So far as is known, no material exhibits a negative 
vatuo of a j but it is of interest to unto that snob 
values are not« priori impossible. 

If our axes of x and y had boon taken 
parallel to tho sides, HB, HA, instead of to 
tho diagonals, EF, BA, of tho oubo, tho 
HtroHs-systom of Fig. ,'J could have boon ox- 
pressed in tho form 

™ 
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anti the corresponding strain system, from 
"'hilt 1ms just been said, would have been givon 

h y s 4 

c «- e --°’l . . ( 2i) 

e« = a„ H = r. c4 =0. ) 

The strains corresponding to shear Rtrcss- 
enmponents Y. or 7. s could ho similarly 
written down, and by the Principle of Super¬ 
position those may be combined with one 
another, and also with the expressions (II) 
or (12), which in § (4) worn derived on the 
assumption that X x , Y„ and Z. wero principal 
stresses— i.e. that X,,, Y. and Z x wero zero ; 
for the principle assorts that any ono stress- 
component has a doiinilo expression in forms 
of the strnin-compononts, which will not bo 
affected by the coexistence of any other. 
Tims, in the general case, where tho axes of 
x, y and 2 do not ooincido with the dircotions 
of tlio principal stresses, we havo the following 
relations hetwenn stress and strain : 

Xj,=XA -t 2/itixtt X u =:gCj. v , 1 

Y v = XA + 2/jc b „, Y a -ye uz , • , (22) 

Z, = XA H- 2gc„, Z a =gc«.j 
The most gonornl oxjM’oasion of JTooho’s Law, 
in isotropic material, is thus soon to involve 
only two elastic constants. 
t § (0) Dynamical Equations in Tehms on 
Stress,—AV c havo now oxprossed tlio purely 
empirical law of Kooko in a form which 
is mathematically convoniont, and wo may 
proceed to apply our results to tlio analysis 
of stress and strnin in clastic solids. The 
motion of any portion must bo governed by 
tho ordinary laws of dynamics; that is to 
say, its acceleration will bo dotenninod by 


H f. i-fi *>«'>* 


torn! to pull the jjHrnJlcloj jj]» i*iI in opjiusilo 
directions) differ Ivy tho amount {,> X . f /i'x)Bx; 
bonce, their eombiitoil contribution *'» 
force is 

PX„ 
fix' 

Tho contributions 
given, similarly, by 
3 Y» 

W 

fiZ* 

dz' ’ 

and hence wo boo 
force on tlio purallolopipod, 

(hr, is given by 

fiX. 


and 


. $x . By . oz. 
of tho otlim 

. Sx . By . Sz 

Sx . Sy . Sz, 
that tho 


total iii v I mhiiin-d 
in tlm « J i i rHioii 


/ i)Xj , fi.X„ fiX.\ „ 

[ pX i - ST + + dz j Sx • *1* - 




whoro pX is thu budy-furoe, per unit. vniiuno, 
acting at tlio point considered : tliuHii IvmI iiulimi 
of X„ for Y x is justified by th w ruin.* i< »»iu ( I) 
above. 

but tlio mass of tlio matorial «n n» Diiiied 


within tho pornllolopiped in Jt , . fit/. 

whore p is tho doiiwily j honoo, if in 

acceleration in the <lireetioii f);e, wo iuvvo 
tho equation of motion in tiiis dirmd ii »i i 

«X i i fix’, \ 

pX +y*+7i? + -fir ] 

and the equations 

Y fiX„ fiY fiY, , 

pY+ -tBr + Tiff + -® '**P-f* 


tf.r. 


and 


„y.A & 

OX 


<7/ 


. fi^e e 


<:?:*) 



f 10. i. 


tho resultant unbnlanood force which acts 
upon it, and hy its inorlia. If wo consider 
tho portion contained within tlio boundaries 
of a small paraliolopipod, ns shown in Fit/. 4, 
it is clear that wo can express tho unbalanced 
force exerted by tho surrounding matorial 
m terms of tho stress-components defined 
above. Consider, in tho first placo, tlio com¬ 
ponent of this forco which acts in the dirootion 
of tho axis O.t. Tlio stress-components which 
contribute to it are X„ Y r and Z,, acting on 
tlio laces shown. TJio components X x act 
on faces whoso area is Sy x Sz, and which nro 
a distance Sx apart, so that tho magnitudes 
of tho stresses on tho two faces (which clearly 


can ho obtained similarly. 

Equations (211) must ohvioimly bo mU mllnl 
at every point in u. body, itulopnix li*n t ly of 
any assumption regarding its oIhhM(»I4 v v. No 
additional oquiitioiiN ino reqnirod l.n * «loliim 
tho rotational motion of tho pnmlltd* ii dp. il, 
which may ultimatoly ho rogardoi t ns I ■ 1 1 i ■ i Umif. 
mal, and so treated ns a pnvtiolo. Tim n J nmneo 
of any resultant turning tomlnimy hmi Imru 
onsurod already, by tlio rolutloiiH ( i). 

§ (7) Strains loxmnssiji) in Tkiimm ,»ir Dim 
I’f/AOEMENT,—When tlio stress-ntriiin I cdx* iii>m< 
are known for tlio material comiidoroii, wo cun 
express tlio quantities (other than X, V v.) 

on tho loft of equations (23) in terms of 
components; but tlio equations will mI ill b,, 
intrnotable mathoinatioally, uiiless wo t >> i ri find 
a common system of variables in torma of 
which thoy may bo completely ox|*rr*mu-d • 
and tlio fact that tlio ncoolorafcion (iom|i t ,j 
Jx> / v * fs may ho oxprossed in Icu-iiim «if (] m 
component displncomonts of tho point 
sidorcd indicates that wo siiould ciidinivuiii' 
also to relate tlio six Rtmin-compon* i ri ( « 
these quantities. 

J.ot it, v, w donofco tho component rl in j jj 
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monts of any point (. 1 :, y, z) in the directions 
0:r, ()//, Os respectively; thou 


r 0H 
Jx— ? 


l a ’ 


jv - 


Js w- 


(24) 


'[’lie strain-component c, x denotes Hits stretch 
in the direction 0:r, and this term was defined 
in § (4) ns the limiting value of the expression (2) 
when All is parallel to ()&• and in¬ 
definitely reduced. We may now write 
Sx for the length All in tho denomina¬ 
tor ; the mi monitor is tho total in¬ 
crease in the length of AB which 
results from strain, and thin will 
(dearly ho ecpml to tho amount by 
which tho displacement of tho point 
B exceeds tho corresponding displacement of 
the point A— i.e. to the quantity (ov/i)x). Sx. 
Thus, in tlm limit, when Sx is indefinitely 
reduced, wo havo 


(liflieiilt (n sen Unit tho reason why Hindi nrhilrnry 
expressions arc not permissible is (hat limy violate 
the conditions for continuity of Ilia material after 
strain. 

Tim necessary and mifiicieiifc relations wFiieli must 
lie satisfied by the Hlriiin-eiiin|K)]icnti<. in order that 
tho I'mTcHpoiwIing system of displacement may bo 
a |M>.HsibIi: one, mm Iki written as follows: 


We vv 

3 2 c 2 . 

(J 2 i? b; 

•fc*’ 

V’l 

( _ (V„. 

w 1 

<y 

pi/ib' 

vyh (.e' 

K TV 


tre xx 

Jh xs 


i) . 

(h V i 

lV + 

iv 1 

Pzfad 

~t'z('x ry 

\?x~ 

Trcjx 

•>\ v 


J>-Pzz 


'h-Vl 

w + 

TV 

?x<‘y' 

(ixdy " T'z ' 

\ V 


V'J 




{ 27 ) 


and similarly 


vu 

“““S’ 


_r,v 

C ‘ vv ~dtl' 


ho 

C-. 

f '2 


(2r.) 


Tho strain-compniient e„. denotes tho slido in 
tho (y, z) plane, i.r.. tho value of y in equation 
(.')), when A1S is initially puralloi to tho axis of 
y, and AC to tiio axis of z. It is tho angle by 
which AC anil A M approach one another, and 
this obviously is tho sum of (i.) tho angle at 
which A'Ji' is inclined, after strain, to tho 
//-axis, and (ii.) tho angle at which A'C' is 
inclined, aftur strain, to tho 2 -nxis. By reason¬ 
ing similar to what has huon given above, wo 
may show that the first anglo is of mngnitudo 
dwjdy (wo shall always bo concerned with 
strains which are very small, and lionco it is 
unnecessary to distinguish between tho angle 
and its tangent) and tho suooiul of niagniludo 
?,vjuz ; hence wo have 


and similarly 


and 


ho Dii 

Cvt ^,' V dz' 

hi . flic 
llv ?u 

exu ^x + ?ii,‘ ) 


( 20 ) 


Malting use of the results expressed in equa¬ 
tions (22) and (2-1)-(2(1), wo can writo the 
equations of motion (215) in terms of tho threo 
variables u, v, iv, and of constants which are 
known for the material considered. Wo thus 
obtain tho result given in equations (28), 

Tho faofc that nil six nf tho strain-components 
can bo expressed in forms of tho three com¬ 
ponent displacements «, v, w, indienfes that .these 
six quantities are to some oxtont interconnected; 
that is to say, if wo assign an arbitrary expression 
to cnoli strain-component, wo Bhntl not in general 
obtain a possiblo distribution of strain. It is not 


Theso equations am generally known ns tho “ren¬ 
ditions of Compatibility for Strain - Components.” 
They can be verified by substitution from ( 2 fi) anil 
(20), ami are obviously independent of any assump¬ 
tion in regard to the properties (other thlin con¬ 
tinuity) of tile material. 

§ (8) Equations of Motion.—H oviowing tho 
position reached in tho preceding paragraphs, 
wo notion that-— 

(«) Tho equations which express tho equi¬ 
librium or motion of the material contained 
within any olomonlary pamllolnpiprd may lm 
written down from considerations of statics or 
of dynamics, in terms of its density and of the 
stresses which act upon its faces; 

{!>) Tho component velocities mid nccnlorn- 
tions of the contained material cun bn ex¬ 
pressed in tonus of tho component displace¬ 
ments v, v, and w ; 

{(•) The strains (or ohanges in tho sides mid 
angles of tho parallelepiped) may lm expressed 
in terms of the same threo quantities, from 
geometrical considerations alnno; 

(d) An innovation is introduced in the theory 
of elasticity, by the assumption of relations lio- 
twcon stress and strain whioli enable us to nub- 
etituto strains for Htroascs in the equations of 
equilibrium or of motion, and thereby to express 
theso equations solely in terms of tho rdulivo 
displacements of different points in tlie body. 

Tho resulting equations of motion, when 
(Jio body-forces am zoro or negligiblo, may ho 
writton in tho form 

.f)A . Wit 

i\ i i a f) a w 

( x -l-^V)y u =rs />^i* 

, ,f)A , „ Tho 

( A+/t )|fe 

wlioro v a denotes tlie operator 


c) a 3 a ^ 


and tho “ dilatation 


. (in (iw i>w 
i= - + S y+-~ 


(IX 


tte’ 


(28) 
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When the displacements it, v, w, are steady, 
the terms on the right of these equations 
vanish; wo are thou left with “ equations 
of equilibrium.” 

For sumo purposes it is convenient to re¬ 
place the rectangular (or Cartesian) system 
of coordinates which we have employed 
above by other systems, such as polar co¬ 
ordinates. For particulars of such systems, 
reference must be made to the authors cited at 
the foot of this article: it is snilieiont here to 
state that the motion can always lie defined by 
threo variables, between which three indepen¬ 
dent relations may bo found from the equations 
of motion for the material contained within an 
clomontary volume. 

Tho equations (28) will bo satisfied at every 
point in an elastic body, on tho assumption 
that the relation between stress and strain may 
bo expressed as in ij (f>) above (/.<:. that it is 
linear, and independent of the previous stress- 
history of the material), and t/mt the strains 
occurring in the body <ne everywhere small. Tho 
latter assumption is necessary both to justify 
tho equations of equilibrium us expressed in 
terms of stresses, and to give precision to tho 
relationship between stress and strain : fortun¬ 
ately, it imposes no serious restriction upon 
tho oxtont to which our results may lie applied 
in praotico, since it is found that the strains 
produced in actual materials, by any stress 
which they are able to sustain elastically, arc 
always extremely small. Remembering this 
restriction upon tho validity of tho equations, 
wo may draw a deduction of great practical 
importance from their form ; for it is evident 
that when any two solutions are combined in 
any proportion, tho resulting expressions for 
the displacements will also ho solutions of tho 
equations. This is, of coiirso, a restatement, in 
a general and mathematical form, of the “ Prin¬ 
ciple of Superposition ” which we have noticed, 
as an experimentally established law, in ijS (4) 
and (fi) above. 

Wo have said that tho general problem in the 
theory of elasticity is to determine tho relative 
displacements of different points in a given 
body, produced by forces which are specified as 
acting eitiior on its surfaces nr throughout its 
volume: forces of tho first typo are termed 
au if nee tractions, and of tho second typo body 
forces, A second form of the problem may now 
bo mentioned, in which tho displacements of 
the surface are specified : body forces may also 
be assumed to net, and in general tho specified 
conditions may include specified tractions at 
some points of tho boundary, and specified dis¬ 
placements at others. Tho surface displace¬ 
ments or tractions may lie specified by thoir 
components porpondioulur and parallel to the 
surface, hut the displacements can obviously 
he resolved along any specified direction (anil 
lienee expressed in terms of u, v, and >/>), and 


the fonnulao for transformation ,,f f«*,MH-roin. 
pnnonts (referred to in § (4) alioya) (-iiMl'h' tin 
to ox press boundary coiiditiojiH uioint 

of specified surface - tract iona in Mio 

stress components, X,„ . . ., X ... , id r " and 
henco in terms of it, v, and w. iWalh«*i ■ * n * ically, 
thoi-eforo, our general problem j H tl , f |<* 1 i 
tho forms of threo functions, it, }>, ,,, w-lii.'li "iimt 
satisfy the equations (28) of motion *■**’ 
lihriurn at ovory point in tho liculy, un«i which 
are subject to certain boundary ooik Ii l at 
tho surfaces. If such functions <. a .n I >«" f ound, 
wo are in a position immediately to di-rl urn* Min 
strains and stresses which occur at c.vi>i'y point 
in tho elastic solid considered, nml ps hidinvimir 
is thou eornplotoly defined ; for Kji-alilo »I1‘ him 
shown that any solution of tho <>i|iin1 ionn of 
oquilibrimn, which also sntisfioH tin* m| M'oiliod 
boundary conditions, is unique, ancl Nnmim 
has extended his theorem to this ci|iiiit iiam of 
motion, by showing that a solution «»f these 
equations which satisfies specif Uu) j n il iji 1 <*i>ndi. 
Mons in regard to (lisjilacnmont ami v«*l«n’ily in 
also unique. 

For practical purposes, we am «■< >r jc-i-i n.-il 

almost entirely with tho distribution or .v/jv.v.v in I lie 
Interior of an elaslkt body, mid II,«, displa^'m.-nls 
and strides which accompany tint nlri-;ni«’.-i na of 
liltlo interest. Whan (ho snrfaen livietloim nro 
specified, it is, therefore,, evident Unit ii e< tiu i i ■ Jmrubli. 
gain in point of eouvcaioneo might In, avj„ ^lto I from 
methods which would enable us l,, culaii h> to lln> 
stresses directly, without inlrndiioing the ,, ( o,* itlii, H 

It, V, w. Much attention Ima boon cUn'ideil in rvi-vat 

years to this prohlein, mid methods for liio •* (direct 
determination of stress ” nro emu In# j,ii< } „,ni\- and 
more frequent use. TJinir prineiplo enriMintM In 
expressing the difleront componontH of of c«j,, 
terms of ono or more common functions, wl.h’li mu 
dotormiacd by ehuraolcrisUo diflYtronlhd i «i | mi I i..m. 

obtaining at every point, mid by appi oj.riuta l x.. 

(mnditiorm: for del ails, reference must lx? uijhIi. in 
tlic authors cited. 

S (») ArruoATioN ov Tiikouy to Kkc i r rsj ia:n. 
iNti Dksion. Tho tlioory, of (tonrso, | u inninim'ii 
an interest, frniu tin* purely nmtho i i i j 1 f ind 
standpoint, which in independent of itn iii-ju-li- 
ciil applications; but for tho iiurpom* || 1( , 

present article it ih necessary lion* It* 1 11 « L 11 jr,> 
wluit is its value tu tho physicist ami t«» llm 
engineer. Tho im mod in to iniawor, fi-om ||, ( , 
point,of viow of tho aiifjinoor, in lluil tho ,. u |. 
milation of stresses is an essential proliiniiimv 
to the design of striiutuml momhora of n.!,-,, 
strength. Actual nintoriala, ns'lins boon minted 
abovo, aro olaslio only so long an tho MtrasHe.H 
to which they aro Bubj noted lie within «-tM tain 
definito limits: if tlipHo limits nro exudath.,! 
Jiormanonfc distortion occurs, l)y of 

great complexity, about which it i« uiitu. m . 
finry to say moro boro than that they ai-, * j (l . 

variably accompanied by ttu.ro nr loss H «*r ii.mi 
deterioration of tho material s’ oapuoi t y f nr 
resisting stress. Tho problem of 
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whether tlio calculated stress-system will or 
will not produce this “ failure of elasticity ” in 
a given nuitcrinl is one with which the tlicory 
of elasticity, in its strict sense, has nothing to 
do : it is fully discussed in tho article on 
“ Theory of (Structures,” and it is suflieiont 
here to remark that the theory of elasticit}' 
supplies the mathematical basis for tho calcu¬ 
lation of stresses ; that the science of Testing 
of Materials (sco article under this 1 loading) 
supplies experimental data in regard to tho 
strength of tho materials of construction ; ami 
that tho Theory of Structures employs the 
information thus provided in tho practical 
Hcionoo of “ Design.” 

§ (10) Somm Gen nu at, Tumorums. — Apart 
from questions of stronglh, the practical utility 
of tho theory of elasticity will ho most easily 
judged from an account of tho problems which 
have been solved up to tho present tiino 
by its means. Wo may notice, in tho first 
place, certain general thooroms which havo 
boon established. First, it has been shown 
that tho stresses set up by a load which is 
Biuldonly applied nuiy ho us much as twice ns 
groat as those which would bo produced by 
a gradual application of tho sumo load, and 
that if a load ho middonly reversed tho stresses 
may ho trebled ; this result lias, of course, a 
very groat importance for engineering design. 
Again, the olTouba of small Haws in materials 
havo boon Investigated, and it has been shown, 
for example, that if a member which is sub¬ 
jected to simple tension or compression in one 
direction contain a small spherical ilaw at some 
point in its interior, tho tension or com¬ 
pression in tho material will ho approximately 
doubled at certain points on tho snrfaco of tho 
Haw; if tho flaw havo tho form of a eiroular 
cylinder, with its axis porpondioulur to tho 
direction of tho tension, tlio stresses will bo 
trebled. 

Again, tho effect of ail impulsive pressure at 
tho surface of a body has boon investigated in 
general terms, and it has boon shown that 
waves of stress cun ho propagated in an claslio 
solid which, if tho solid is isotropio, may bo of 
two types, propagated with different velocities. 
Tlio first is a wave of dilatation, involving an 
alteration in the volume, but not in tlio shape, 
of each element of tho material ns tho wave 
pusses it; snob waves aro propagated with a 
velocity \^(X-I- 2 /i)/p. The second is a wave of 
distortion, involving change of shape, hut no 
change of volume in each clement affected; such 
waves travel with velocity \V//»- Further, 
it has been shown that a certain typo of wave 
exists which is propagated ovor tho surface of 
a solid body, and involves practically no dis¬ 
turbance in tho interior j its velocity is a little 
loss than that of tho waves of distortion just 
referred to. These results havo, of course, an 
important boaring upon tho phenomena win oh 


occur in the collision of clastic solids, ami in 
earthquakes. 

Light has also been thrown upon the nature 
of the stresses produced by concentration, of 
load at some point in a body, by means of 
oxact solutions for certain particular examples ; 
and a knowledge of the velocity with which a 
wave of stress is propagated along a thin 
cylindrical rod has been used by llopkinsnn in 
devising apparatus for the measurement of the 
largo inipulsivo pi-ossuros which are sot up in 
tlio detonation of explosives. 

§ (1L) Sl’KOIAl. SOLUTIONS. l’nlNOHM.I'i OF 
St. Vunant.—T urning now to tho considera¬ 
tion of special solutions of the equations of 
equilibrium and of motion, wo may notice that 
exact solutions have been found for several 
types of periodic vibration in spheres and 
circular cylinders, and that the equations of 
equilibrium havo been solved in a form which 
provides exact knowledge of tho stresses pro¬ 
duced in a prismatic body of any crosH-sootion, 
under certain particular systems of loading, of 
which tho general effect is to produco exten¬ 
sion, iloxuro, or twisting; these results, us 
will bo seen Inter, have been extended to give 
an approximate t heory of such actions, without 
restriction upon Ike exact distribution of the 
limits which produce them. Wo also possess exact 
solutions for the stresses set up in thick tubus, 
or in spherical shells, by uniform frncliniis 
applied to their surfaces, and for the stresses 
which aro produced by tho rotation about their 
axes of certain solids of revolution Much as 
cylinders and thin discs, 

In these exact solutions, it is somotimes 
necessary to asmuno that a small “auxiliary 
stress-system ” ads at certain parts of tho 
boundary, and tho results thus fail to apply 
oxactly to practical problems, in which such 
systems cannot ho assumed to exist: but St. 
Vonant has shown that tlio discrepancy which 
thus arises may bo, for practical purposes, 
regarded ns involving a slight and unimport¬ 
ant dooroaso of acouraoy, ratlior than a loss 
of generality. Tlio principle upon which be 
bases this conclusion, and which is usually 
designated by his name, (Antes that any locally 
applied system of surlaco tractions, which in 
itself a completely equilibrating system, has a 
negligible influence upon tho stresses, except at 
points of tho body lying quite oloso to tlio 
region within which tho system is applied. 

§ (12) Problhms of tub Spukuh and of 
tub Plank. —Gonoral solutions have also been 
obtained for tlio stresses produced by sym¬ 
metrical distributions of surface traction ant¬ 
ing upon oiroular cylinders or spheres, and 
tho solutions found in tho latter easo have 
been applied to problems relating to tlio form 
of tho earth, such as tho dependence of its 
ellipticity of figure upon the diurnal rotation, 
and tho rclativo displacements produced by the 
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disturbing attractions of the sun and moon. 
Tho latter arc analogous to the tidal motion 
of the sea relative to tho land, and for this 
reason havo been called “ tides.’’ Lord Kelvin 
has calculated what ho has termed the “ tidal 
effective rigidity of tho earth,’’ — i.e. tho 
rigidity which must ho attributed to a homo¬ 
geneous, incompressible solid sphere, of tho 
same size and mass as tho earth, in order that 
tides in a replica of tlio actual ocean resting 
upon it may ho of tho same height ns tho 
observed oceanic tides. His calculations led 
him to interesting speculations as to the 
constitution of tho earth, which do not, how¬ 
ever, appear to ho entirely supported by 
ovideneo obtained from tidal phenomena. 

Ideally, wo may notice that solutions havo 
boon obtained for tho effects of certain 
particular distributions of surface traction 
upon a body of infinite oxtont, having one 
phmo boundary; it duos not appear, how¬ 
ever, that those results are of much practical 
importance. 

§ (13) Ari'itoxiMATB JtKSui/r.s.—The prac¬ 
tical value of tho theory of elasticity has boon 
extended less by discovery of oxaot solutions, 
suoh as havo boon referred to ubovo, than by 
investigations whioh havo shown that itioroased 
gonorality oan bo obtainod at tho cost of somo 
slight loss in accuracy. .For tho practical 
purposes of physios or onginooring, it will bo 
recognised that generality is of much greater 
value than absoluto accuracy, sinco a margin 
of safoty has in any oaao to ho provided, to 
moot suoh oontiugonoios us faulty workman¬ 
ship, corrosion, or local damage. Wo havo 
ftlroady roforrod to tho value of St. Voruuit’n 
prinoiplo in this commotion : ono of its most 
important applications has boon to the theory 
of Biioh problems ns the stresses in hoams 
and thin plates. Tho exact solutions for tho 
stresses pmdueod by flexure in a uniform beam, 
to which roferonco has been made in § (II), 
hFiow that tho resultant action of tho stresses 
occurring on any section of the beam may ho 
expressed in terms of tho extension and < 
curvature, at that seotion, of its strained 1 
contro-lino (i.o. tho line through the centroids ( 
of oross-soolions), It may bo shown that t 
. VomHif. prinoiplo justifies us in assum- \ 
nig that tlioso exprossions will obtain, with < 
reasonable aeouracy, oven when tho oxtornul t 
foroas are not appliod in the manner postu- a 
latod by tho exact solutions, or whon tho shapo 1< 
nncl fii'/o of tho oross-seotion change at differ- v 
ent parts of the beam. Hence, instead of r 
having to consider the motion of oaoli in- M 
iimtcsimal olomont of tho beam, wo may write o 
down aquations for tho motion ns a whole of ii 
the mntorinl eontnined hotwoon two adjacent a 
oroas-fleettons, and wo may express tlioso in ci 
tonns of the rolativo displacements of tho ti 
corresponding points of tho contro-lino. Tho w 


n. number of independent- vurhi LIi-h tlmn 

>n red need from three ftho c,o-oi«lj tw dt*rf <,f ,l,, - v 
; ls i )oi,, . t il1 »!«««■.) to ono (the dist.tnc»o * ,i ' "".V 
in section, measured along the contra- ** *» 4 '* fl " m 
id a fixed point), and a great inorenso { , f «i " * l .v 
10 111 {, j 10 calculations is thus ol»tainal>lo> 

> For nn account of the ways in -vv 1 * i * * •' 

io principles are applied by ongincora in < ui l«'uln I • 
it ing the deflections which’ ocour irt 
g under the action of lateral loadn i-(*l‘t>ii'ii.>o 
o may bo made to tho artiolo on “Vl'l i« * * »'\V "f 
d Structures.” Similar mothods oriit-Mo ,JH 
e calculate the froqiionoy with whiolt of 

- given dimensions will vibrato, ami (.J»o renults 
V thus obtained are of importance, in 

onginooring design (whore it in nocu’SHiirv 
n t,) tak<) prooivution in advance „goiriMt (ho 
1 dangers associated with “resoimimo "nd 

i in tho theory of sound. Corroapoml iujLf »lmpli- 

> lication has Itocn introduced into th<» <mh'iiln» 

• turns relating to thin plates or bJioJIj-*, mid 

although such problems are nocoHMiiril.v of 
somowluit greater complexity, it j H fc« nay 

that many problems can bo solvent I >y these 
approximate methods—with an iukum'iiov' wJiioli 
is quite adequate for practical mi i p< mrn 
which would bo almost intractable hy i-I/<nromi 
analysis. For the physical thoory 'of h«»hik|, 
the late Lord Rayleigh’s genoralisod lroii.1 nirnt 
by approximate mothods of problmmi ro riding 
to tho vibration of olastio solids lias lirovnl 
particularly fruitful iu results. 

§ (M) Kimhw Ktaiiimtv. —Oj t „ otriHlI of 
prolilom still requires notico. Wo liuvo 
referred in § (M) to a theorem of K Ircjli hr.ff, 
(hat any solution of the equation* <»f fruit, 
librium which also satisfies tlio h|*o«i fried 
boundary conditions is unique. If wo tuirn- 
hino with this the assumption of llookn'ii 
Law, that tho strain varies propnrt.ioim.tidv 
with Urn stress, wo may oonoludo Mint, Any 
strained configuration which wo can dotorrnin'ii 
will ho .stuole, since departure from tlniL <n>n- 
liguration must of necessity ho tuiiiom pitnw.l 
by an inereaso in (ho total potonlbil onoruv 
of tho system. Rut the theorem of K i . <-1 1 h. <li, 
icing bused upon tho general aquatic »i m <IiH) 
of motion or equilibrium, dopomls will* t.liom 
upon tho implied aRRumption, that tho Hf-j-riin 
u ; noh «owiwi in an elastic body, as tho rosnll 
Of applied forces, docs not nffoot app renin, lily 
tlio stress whioh those forces bring into nxiat onun 
at any point. This assumption is in gcimml 
legitimate: hut it fails in roiiio inHturinm 
whon applied to olastio solids, huoIi jih thin 
rods or plates, of whioh tlio dimoiiBir>j ]h nvo 
widely dilToront in difforent direction**. j,\„. 
oxainplo, if wo imagine a straight shaft, whjoh 
initially rotates about its axis, to dofleefe Jutti 
a curved form, thou additional strcsKca wilt ho 
called into oxistonco as n result of that cloflew, 
tion, since tho centrifugal effect of rotation 
will torn! to dciloob tlio shaft still fin'tlior. 



ELASTICITY, THEORY OF 


2T»1 


At Hi>i)ic definite speed of revolution this 
distorting ofToet will exactly neutralise) the 
capacity which the shaft possesses, in virtue 
of its elasticity, of rovorting to the straight 
form, and hence the deflection, if it occurs, 
will ho maintained. The equilibrium of the 
straight configuration has in fact liocomo 
noulral, and the shaft is said to “ whirl.” 

A similar tendoucy towards “ elastic in¬ 
stability ” is exhibited by a long straight rod, 
or “ strut,” which is subjected to axial com¬ 
pression. At a certain definite vnluo of this end ; 
load, thoequilibrium of the straight configure- 1 
tion becomes noutml, and tho load can hold 
tho strut bent into a curved form. Both of 
tho examples here cited are of tho first im¬ 
portance in engineering design, and tho render 
who desires to have furthor information about 
thorn should rofor to the article on tho “ Theory 
of Structures." 

Elastic instability can also occur in thin 
circular tubes, when these are subjected either 
to uniform end compression or to hydrostatic 
pressuro on their oxtornnl surfaces (ns occurs 
in practico in the lines of steam-boilors), or to 
torsion. It is then accompanied by the forma¬ 
tion of waves, or corrugations, of very regular 
geometrical types, and tho analysis, though 
difficult, and lengthy as compared with that 
of the problems just described, is tractable 
and interesting, moro particularly as regards 
the indications which it affords of precautions 
to be observed in practical work when struc¬ 
tural momlmrs havo to be built up from thin 
sheets of metal, Tho development of motnl 
construction for aircraft lias, in fact, given 
to this subject, which was formerly regarded 
ns mainly of theoretical interest, a practical 
importance comparable with that of tho moro 
familiar problems of olanlio thoory. 

§ (1/5) PlIOTO-ELASTICITY AND SOAIMIITIHILE 
Methods,— Compared with other branches of 
mathematical physics, tho subject of elasticity 
is romnrkftblo for the oxtont to which thoory 
has developed in advance of its experimental 
verification, Indeed, a littlo reflection shows 
that such verification is a matter of tho 
greatest difficulty. No means have beon 
dovised for measuring tho strains in tho 
interior of an opaque body, and a comparison 
of tho breaking loads given by theory and 
by oxporimont fails to supply tho required 
verification of theory, for tho reason that 
frnctnvo in actual materials is precodod by a 
moro or less longthy period of transition from 
tho clastic to tho plastic stato, during which 
tho relations-botwcon stress and strain fail to 
oboy Ilooko’a Law (cf. § (0)). 

Tho nearest approaoh to precise experimental 
verification which 1ms yet beon mafic employs 
tho property of photo-elasticity. It is an ex¬ 
perimental fact that an isotropio transparent 
body—such as glass (which lias the merit 


that it obeys Hooke’s Law with considerable 
precision)—becomes doubly-refracting when 
stressed, its optical principal axes at any 
point being coincident with the directions of 
tho principal axes of stress at the point; 
hence, by the ni«l of polarised light, it bus been 
found possible to study many two-dinunisinniil 
systems of stress which nro not amenable to 
nmtliematioal analysis. 

In such systems, tho stress-components nro 
oxpressible in terms of a function y, deter¬ 
mined by appropriate boundary conditions, 
and by the equation 



which must be satisfied ut every point of 
the (a:, ;/) piano lying within Hie cliudio solid 
considered. In tho solutions obtained by 
St. Venant for the stresses produced in a. 
prismatic solid by torsion or flexure (see § {11)), 
tho stress-components are found to bo expres¬ 
sible in tortus of a function \J/ which sat ini ion 
tho simpler equation 



Now equation (30) is salmfiod by the normal 
displacements (when those are small) of an 
initially flat monibrnno which in subjected to 
equal tensions in all directions, and advantage 
has Ix'on taken of this fact by Taylor and 
Griffith, who have shown how to determine 
tho function \f for prisms of any given cross- 
Roction, by measurements wuulo on a soap film 
stretched across n closed boundary of appro¬ 
priate form. Such experiments are nut, of 
course, to bo regarded as a verification rif 
ohtstio theory, but ns a means of extending its 
results: ihoy nro typical of the present trend 
of its dovclopmont, which tends moro and 
moro in tho direction of practically useful 
extension, ovon at tho cost of somo slight 
decrease in ncoiirnoy. it. V. s, 


References .—Tho standard work on the subject 
Is Professor A. IS. IT. Love's AiaUkemaltad Theory of 
Plasticity, which In Its third edition (Cambridge, 
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of Importance In tho subject which has so far been 
published. Most of the problems which have linen 
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§ (8) On the theorems of Klrcbliolf ami Neumann, 
cf. Love, op. ait. §§ 118, 121; on direct methods, cf. 
ibid. pp. 10, 17, and § 02. 

§ (0) Cf. Morloy, op. cit, chap. II. 

§(1.0) Of. Love, op. cil. § R1 and clinp. x111. ; 
Morley, op. cit. chap, ill, ami Appendix (l(h cal 11 Ion); 
llopklnson, Phil. Trans. Hop. fioc. A, 10N, cexlll, 
•187. 

§ (11) Cf. Lovo, op. cit. chaps. xll„ xlv., sv., v. 
(for details of the solutions mentioned. In the order 
1 given above); also § Hi), on Kt. Voiinid’s principle, 
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Electrical Brake — National Physical 
Laboratory Dynamometer. Soo “ Dyna¬ 
mo motors,” § (2) (v.). 

Electrical Constants. Table of most re 
Iiablo values for use in determinations 
of mechanical equivalent of heat. See 
‘ Mechanical Equivalent of Heat,” § ( 9 ). 
ELKOTUOdHIWirOAf. EQUIVALENT OF SlLVKR. 

Sco “ Mcchanioal Equivalent of Heat,” S(K). 

^ Sec also Veil. II. 

Electrolysis, Thermodynamics of. Sco 
Ihormoclyiunnics,” § (04). Soo also Vol. II. 
Elongation : 

Barba’s Law for Goomotrioally Similar 
'lost Bars. Soo “ Elastic Constants, 
Determination of,” § (ir>). 

Distribution in a Tost Bar. Sco ibid. § ( 15 ). 
Variation with Cross-section. Sco ibid, 

§ G" 7 ) (*'•)• 

Variation with Gaugo Longth. Sco ibid. 

§ (17) (I). 

Elongation and Contuaotion of Area. 
Mothoil of Calculation. Soo “ Elastic Con¬ 
stants, Determination of,” § ( 2 . 1 ). 

Emergent Stem, Correction, applicable to 
thormomoters. Sco “ Thermometry,” S ( 9 ) 
E.mihsivity of a Surface j a term used to 
denote the ratio of tho boat emitted hy 
l,n,t ! lPOft (,f t,,n surface to that omitted by an 
orpial area of a “ full radiator ” at the «amo 
Lmipomtnro. Soo “ Pyromotry, Total .Radia 
turn,” § (18). 

Energy corresponding to a given Wave- 

LENGTH IN THE RADIATION FROM A BLACK 
Body used as a secondary standard of 
temporaturo in the rango ahovo 500° O. 
Sen " 't'omporaturo, Realisation of Absolute 
Snalo of,” § (41) (iv.). 

Energy, Distribution of: 

In tho Heat Emission Speetrum of the 
Motals, and Correction to Optioal Pyrn- 
metor Readings. Seo “ Pyromotry, Opti¬ 
cal," § (17). 

In tho Spectra of Platinum, Palladium, and 
.tantalum, determined by Optioal I’vro- 
iotor. See ibid. § (23). 

Spectrum of a' “Full Radiator" at 
arums Temperatures, studied Expori- 
cntally. See ibid. § (2). 


Energy, Measurement of, in Thehim a J- <’<■;* 
duotivity Determinations. tft*o “ 11 mil. 

Conduction of,” § (9) (j.) 

Energy of Ideal Gas and ok 4 f hkoiim 
Mixtures. Sco “ Thermodynamic,’ ’ $$ <*7) 
and (02). 

Engine, Heat-. See “ Thorm.xl vim-inicii, 

« 0 /!«i l,On , /m” § (1) - “UevcsiDHi i .V -L” 
SK G«)(P>), “ Ellioionoy of,” ('J* >)• 

ENGINES AND PRIME MOV-'K * { » s * 

the balancing oe 

S(l) Preliminary. —An ongino is Hririct 1° 1“’ 
balanced whon it runs without vil.mbion- 
Massos aro added to the moving RiuliH In 
soonro this immunity from vibration m»< 1 
massos aro callod Balance Weighs, 

Tho importanooof keeping tiio ongino «*-ill by 
balancing the moving parts lies in i.lio fuel, 
that if it vibratos it communicates its vi 1 imtimi 
to the foundation on which it j H sooiircd, 
and thus starts a wave which may hi»i.*ikI In 
tho surrounding buildings and cause I ron Id.*. 

I i brcnibio is very much inorounn< I if Gin 
foundation has a natural period of vif»rutinn 
equal to tho periodic time of tho vibrnt.i.m of 
tho ong.no. Thou tho disturbance produced 
in tho buildings is out of all pmportio. i to tlm 
(uaturbaneo of tho ongino itself. 

Synchronism of tho ongino vibration, «»r a 
iiarinomo of it, with tho natural iiori.nl of 
vibration of tho foundation, or a linriiionin 
of it, may thus causo troublosonm or «ivmi 
dangorous disturbances in tlio buildii i ign hiii-- 
rounding tho station in which tho nnirinn is 
at work. M 

Tho balancing of marinn engines white i thoir 
spood was low and tho period of v ihm.M<»n of 
t he slnp s hull high was not a pressing pro l.loi.i, 
But ships grow in sizo and onginos mt-ii-m<od 
in speed so that tho natural period of vi 1 .rn.fi.rn 
of tho hull and tho time of involution oT (Jin 
ongino approached synchronism and in em.ic 
ships found it. Such ships worn umsnin fen f- 
1 1)1° to travel in. Again Mm vibration 
dueod by unbftlanood onginos in riontm V or« umi 
cruisers wuh ho noticoablo that tho dt*Mii-iioil 
sp<««l In soino ships had to bo I ’ bo. 

oauso of tho dangerous vibration produce »« I. 

Jljo problem of balancing tho onglno« H n 
that they could work at any reasonable^ ni>r.««l 
without producing vibration tlum forced, it *«,|f 
on tho attention of onginoors, and ho]u tiiiiiH 
exact, approximate, or rougldy approxi nmte. 
nail to bo found, 

Tim necessity for balancing tho moving 
parts of an ongino arises from tho mnni lol - ),? 
which tliose parts aro compelled to nmvn. 

CImngo of speed or chango of direction ,,f 
ft moving mass requires the action t >C .... 
external accelerating force. 

11m moving parts of a machine aro com. 
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•polled by their mechanical connootiona to 
clumgo continuously the hiioc <1 and direction 
of thoir motion, ami therefore need crating 
forces aro in continuous action on them. 

Those fnreos havo equal ami opposite ro¬ 
ad-ions and these reactions ultimately aphoni¬ 
as a system of forces noting on tho frame of 
tlio engine. 

The system is complox and changes from 
instant to instant, but tho changes aro poriadio. 

Balance weights aro disposed on tho moving 
parts so Unit, considered ns a separate system, 
Lhoy iiavo a resultant action on tho fraino as 
nearly as practicable equal and opposite to 
tho resultant of tho reactions produced by 
the motion of the parts. 

A part may bo balanced in such a way 
that tho reaction supplied by tho balance 
weight is appliod directly to tho part, and 
thus no force appeal's on tho fraino at all 
so far ns that part is concerned. 

A more detailed consideration of tho main 
principles will make tho mnttor clear. 

§ (2) Fit AM K Follows AN1> THE BALANCING 
of 'i'llKM.—The moving parts of a machine nro 
join toil together and with tho frnmo in such 
n way that overy point in ovory piece is con¬ 
strained to move in n definite path. The 
constrained path is closed and tho motion of 
tho point in it is in general periodic. 

Tho first part of the general problem is to 
find tho forces which constrain a mass to move 
in a path defined for it by its mechanical con¬ 
nections, 

The second part of the problem is to find 
how these forces may ho directly or indirectly 
neutralised and so' prevent thoir reactions 
noting on tho frame. 

Lot us consider tho oxamplo of constrained 
motion furnished by tho crank and connecting 
rod mechanism, because tiio problems involved 
in the balancing of its moving parts illustrate 
the general principles involved in tho balancing 
of any moolianisin. 

Tho crank OA (Fig. 1) is jointed with tho 



fraino at O. The frame being at rest, ovory 
point in tho crank is compelled to move in. n 
circle about 0 . 

Tho reciprocating mass C is guided in a 
slide on the frame F and can move therefore 
only in a straight lino. 
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The crank pin A is connected with the mass 
C by n rod AC, technically called tlio connecting 
rod. 

However the mechanism is sot in motion tlio 
path of ovory point In every link is defined.^ 

Tlio distance OA is tho crank radius. The 
distance C',C 2 is tho stroke of tho reciprocating 
mass and is equal to 20A. The end points 
C, and Co nro called tho outer and inner dead 
points respectively. 

Tho mechanism furnishos three separate 
problems for con si delation. 

(1) Tho motion of a mass in a circular path 
at uniform speed. 

(2) Tho motion of a mass in n straight path 
at varying speed. 

(3) The motion of a link ns defined by tho 
motion of two of its points. 

(i.) Motion of a Mass in a Chela id Uniform 
Speed .—.Lot M (Fig. 2) he tho muss; K the 



radius of tho cirolo in which tlio mans centre 
inovoB, and w the angular velocity of tin* muss 
about tho centre of tho clrmihu- path. 

Then it is demonstrated in dynamics tlwt 
tho force necessary to cause the motion nets 
at tho mass contro in a direction towards tlio 
centre of tho circular path and that its magni¬ 
tude is equal to Mw 2 lt. 

If M is reckoned in pounds tlio foroo is 
oxprosBed in absolute units. If M is reckoned 
in gravitation units so that M = YV/ 0 , tlio force 
is oxprossod in lbs.-weight, W boing the weight 
in pounds. 

Tho force nets at right angles to the direction 
of motion and has therefore no olloct oil the 
speed ill tho path. 

This force can bo automatically called into 
existence by connecting the mass to tbo 
centre of tho path by a radial connecter, OM 
(Fig. 3). 

When tho shaft is turned tho mass must 
inovo in a circlo proscribed by the length of 
the connecting arm. The necessary con¬ 
straining force is applied to tho mnss by the 
arm. An equal and opposite force is applied 
by tbo arm to tho frame. 

Tiio force acting on tho frame is constant 
in amount but varies in direction. At oim 
instant it tends to lift tho frame up, and next 
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it acts to push it down. Placed on tho plat¬ 
form of a suitablo weighing - machine the 
weight of tho wliolo apparatus soon in Fig. 8 
would appear to vary above and below its 
proper value by the amount 

Nor example, suppose tho weight of tlio 
apparatus to he 100 pounds, of which tho mass 
at the end of the arm, 1-5 foot radius, weighs 
10 pounds. Thou if tlio shaft wore driven by 
a motor mounted on tho apparatus at, say. I 
revolution per sooond, equal to '2ir radians per 
second, tho forco in pounds acting on tlio 
framo would bo 18-85 lbs,-weight. 

Tho scale would therefore show a weight 
varying betwoon 118-85 pounds and 81-05 
pounds. 

Increase tho spood nbovo that found from 
tho relation Mw 9 Ii = 100, and the upward 
force would bo suRusiont to lift tho whole 
apparatus momentarily off the platform. Por 
oxiunpio, at 5 revolutions per second the forco 
is 407 Ihs.-woight, and under tlio action of 
this force tho whole apparatus would jump 
up and down on tho platform of tlio scale and 
produco quite a liammor blow. 

This is in fact what may actually happon 
to tho driving whools of a locomotivo if tlio 
revolving masses put in tho wheel to balance 
forces in the lino of stroke are massive onough 
and are drivon at a high speed. This point is 
specifically considered in § (12) bolow. 

Tho frame force [Fig. 3) may bo ontiroly 
eliminated by tho simple device of extending 
tho radial connector as illustrated by dotted 
linos and soouring to it a mass equal to M 
at tlio radius It. Then caoli mass provides 
the reaction to the other and the fvavno is 
not called upon for any reaction. Tho arm 
with its equal pair of massos may bo drivon 
at any spood without any tendency to produce 
vibration of the frame. 

On tho platform of a weighing - machine 
tho mass could bo driven at any speed mid 
no change of weight would bo observed. 

Tho tension in tlio connector rises and falls 
as tho speed rises and falls. 

Tlio mass M is said to he balanced by tiio 
mass in. It is not nocossnry that tho balance 
weight m should lie equal to M. Tho added 
mass lias only to require a constraining force 
equal to the constraining force required by M. 
If a mass m is added at radius r to balance 
a mass M at radius R, thou oquality between 
the constraining forces is socurod when 

Mw*lt=j»w 3 r, 

that is wlion MIls=wir . . . (1) 

This is the condition for tlio balancing of 
two massos on an arm and in tlio sumo 
plane. 

It is euatonuu-y to consider all masses as 
though tlioy anted at a common radius. Tlio 
radius usually soloctod is tlio Ciunk Radius. 


Reduction to crank radius is o(l‘t ! 
equation (I). 

(ii.) Motion of a Mass in a- Fir ft if/J* * " 

Varying Hpc.v.d .—Gonsidor the i-rn *i'f >rl 
mass O {Fig. 4). It is cnnvpollo<t 1* v _ tiinvn in 
the straiglit path dofinod by tvlio 
Assume that tho crank turns witl> t>tint"nl. 
angular velocity. Then tho proF > F<>* 1 ‘ 
find what forces are required to 1 



Flo. -l. 

motion of the mass C which is (Iofiu (W * * J .V 
tlio uniform turning of the crank. 

Tho general method of finding l;Jn .9 
tion of O is to form an expression jj;i v i ug G'o 
position of the mass in its path in , ul 

one imlepondent variablo. Thou <li fV< * rn i iC. utl.n 
this variablo twice with rospoofc to G)'’ l-'mc. 
'l'lie result of tho first differentiation gD'tvt Urn 
velocity of the mass in its path. 
of tlio sooond dilforeiitiation given tho j i.<*»wdoia- 
tion of tlio muss in its path. Tlio iihihm 
multiplied by the decoloration iss |.Fi«'ii 1 -ho 
forco wo are seeking. 

The position of the mans 0 (Fig. 4) is <lo(lui-'l by 
the distance x. When the wank angle in O t ho vulwe 
of x is 

*«=0«-|-flO=-RcOS 0-j- I. (JOH </>. ■ C'“) 

Eliminating </> by means of l-fio relation !£• *-»!*• F-• 
I, sin <f> ami difforondating twice with vr/jn »'»1 t<» Gie 
time, romomboring that dVl/di', the t G'ii nt 

the cmnk, is ansmne.d to lw Kero, tho outu<l<'C*4t t ion i" 
found to bo 

...f „ , Iti. J eim 20-1 IGwill 4 O \ .... 

1 (.I.*-- If sin 2 oy } ■ 

Tho instantaneous value of tlio force is Hit-n At A and 
tho renotion on the frame is — MA. 

Tho forco is seen from this oxprosnioii to 
vary in a complex manner. A way of -pro¬ 
ducing an exactly equal and opposite roitotien 
on tho framo to balnnoo this is skobnluul in 


C, 



Fio, r>. 


Fig. 5. A mass 0„ equal to tlio mans O, in 
made to slido by a eoimoeting rod A t 0 4 » oijiinl 
in length to Ad. Eor this avvungoivt ent In 
work tlioro would ho throe orankw mi t-ho 
Biiaft: tlio centre ono OA, and two outer oiinn 
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in lire direction OA t . Tire mass 0, would 
then Iio driven by two connecting rods, 
togothor equal in mass to tho rod AO. Tho 
reciprocating nuisBos of an online constructed 
in this way would bo in jmrfocfc balance. 

In an actual online lire oceolerating force 
is dorivod from tho fluid pressure in the 
cylinder. Tho pressure on the piston ims to 
produce the acceleration of the piston and 
rod and to transmit force to tho crank pin 
through tho commoting rod. The force thoro- 
fore transmitted to tho crank pin is tho 
dilloronco between the total force on the 
piston duo to tho steam pressure and that part 
of tho force which has been employed in giving 
motion to the piston. After about tho middle 
of tho stroke, however, whore tho acceleration 
changes sign, tho pressure oil the crank pin 
is greater than that duo to tho total fluid 
pressure by the retarding force, which must 
ho applied to tho reciprocating mossoa by tho 
crank pin. 

Tlio acceleration 1 can ho found graphically. Hon- 
nett’s construction, gi ven to tho author by 0. T. 
Bennett, 11.8a., of Emmanuel College, Cambridge, 
in 1002, is convenient for this purpose, and is ns 
follows: 

First (Fig. 0) find a point 11 on the connecting 
rod bo that AH x BO** AO*. This point is found by 



drawing a pcrpendionlnr from O to tlio rod when the 
crank is at right angles with Uni lino of stroke. 

Thun sot out tho moohnnism with the crank nt 
nil assigned angle 0. From B draw BK porpcndioulnr 
to the rod. From S draw .ST perpendicular to tho 
lino of stroko, From T draw TB perpendicular to 
the rod. Tlion HO represents the acceleration of 
tlio mass 0 to tlio scale on which AO represents tho 
radial noooloration of the orank pin. Tho accelera¬ 
tion of 0 is therefore M«*K(HO/AO) ft. per second 
por second. 

Tlio construction is exact and gives the anmo 
video for the noooloration as Hurt whioh is calculated 
from expression (3). The proof of tlio conn tr no lieu 
is found from equation (1) by eliminating <f> instead 
of 0. It is givon in Dalhy’s Halaneing of Engines.- 

Tho expression found in (3) is intrnotahlc. An 
approximation of great utility in praotice is found 
by putting oos</i = I—(IV2/Ii f ) sin" 0 in tho proccsB 
of eliminating '[> from equation (2). The resulting 
expression for x dilforontinted twice then gives 
for the acceleration 

A= -M s lt(cos0 -|-~ oob 20), . . (4) 

Jj 

As close an approximation to tho truo expression 

1 Son also “ .Kinematics of Machinery," § (8) (Iv.). 

* The Halaneing of Engines, W, IS, Pnlby. Edward 
Arnold, London, 11)00, 


(3) ns may lie desired can be iiiatle by expressing 
A ns a Fourier series. 

Tho general expression t hen becomes 

A = -w 2 K (cos fl-l-Aj cos 20—B cos A0 

-I t! cos 00 . . .) 
in wliioli Aj, It, arid 0 hrivo tho following values, L j 
being tlio rutin H/L, 


A, =c-|- 


l/i c 5 
128 


B -4'» 

u ^ 5 

128 


3c 5 

lii 


Sco for details a paper by Mr. J. Jl. Macnlpinn in 
Engineering, Oct. 22, 1807. 

(iii.) The Motion of the Connecting Uotl ( Fir), 7). 
—Tho oml A, called Urn big oml, is compelled 




to movo in a circle. Tho oml O, called tho 
small olid, is compelled to move in a straight 
lino. 

Tho dynamical problem is, assuming tho 
rod to bo frond from its coiiiiuntimis, wluit in 
the instantaneous force which must be applied 
to tho rod to cause it to move tlio one oml in 
a circle with uniform velocity, tho oilier end 
in a line passing through tlio centre of IhiH 
circle (Fig. 7). 

Tho niiHwor to this problem doponds upon 
tho mass of tho rod and tho way tho mass 
is distributed, and on tlio spool!. 

There are two important miuw points 
which must Ijo located before tho solution 
can bo found. Those are tho mass centre 
and tho eontro of percussion relative to tho 
Binall oml of the rod. 

Tho mass contra is found by balancing tho 
rod on a lenifo oilgo. 

The centre of porcuBston IT ( Fig. H) rolativo 
to tho small oml is found by suspending the 
roil ao that it can oscillate about tire small 
oml, and thou adjusting a plumb hub to 
oscillato in time with it. Tho length of tire 
simplo pondulum formed by tho bob and itu 
string is the distance from the small end to 
tlio eontro of percussion required. 

Tho following construction then given 
tho force corresponding to a given crank 
anglo. 
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Draw the mechanism in the cnnfigiiration corre¬ 
sponding to the given crank angle (Fi<j. !)). 

A]i)»ly limine It's geometrical eons!,nni lion to find 
IiO, tlio acceleration of the end C. Join UA. 

iiA is called the acceleration image of fclm rod. 
It lias this property. Regarded ns the connecting 
roil on a smaller 
scale, A being the 
big cud and 10 the 
small eml, tho lino 
joining any point 
on it to 0 repre¬ 
sents in magnitude 
and direction the 
acceleration of the 
corresponding point 
on the aotnal rod. 
Lot V bo the mass 
centre, and II tho 
centre of |ieroiiHsion 
of tho rod about U. 

Draw Vo parallel 
lo tho line of stroke 
ami join v to 0; 
then i>0 is the 
magnitude and 
I Fid. H. direction of tho 

acceleration of tho 
mass eciilro to tho scalo on which AO is the 
acceleration of llie crank pin A. 

Tlio inngnitudo of tho accelerating force is then 





It rcmniiis to find its position. 

Draw I (A (Z'Vf/. 0) parallel lo the lino of stroke and 
join A lo 0. Through II draw a lino parallel to AO 
cutting the lino of stroke in J. J is then a point in 
tlio lino of notion of tlio force, liut its direction is 
given by i>0. 

Therefore through J draw a line parallel lo vO. 
This is tho line of notion of the force It, wliioli is 
competent to produce tlio motion of the connecting 



roil at the instant tho crank is passing through the 
angle 0, 

This foroo varies in magnitude and direction as 
the oranlc nnglo varies, 

Tho force It is equivalent to an equal and parallel 


force 14 acting at the iiiusm ( 
Tlio force. R at the mass 
motion of tho rod, and II", ,, 
angular motion of the rinj 
V. Tho corn hi i in lion of , \, 
motion produces the niilm* | (( , 

Tho jironfs of these pn»f j 
are given in detail in 

Tho noxfc stop is In line | 
Norco can only ho 
its onds. Thom is tlu> -p 
pin and tho roaelion al, (,| 14 

Neglecting friction tli,, j 
bars civil only bo at rip;li t, , 
strokft. 

'L’horoforo at (.! ( AV</. I o ) j 
lar to tho lino of stroke* 
in S. Join H to A. 

Tlion if ST m|imsni! | ; .i 
component ST, rnpimu*!, 
must ho brought upon |.]| 
roil by tho slide barn, rt , 
ST a tho foroo which iimihI 
tho big oiul by tho ei-im 
compononts together 
motion of tlio rod. 

Tho crank-pin coni|if»r 
tlio ci'anlc shaft gives M m . 
tho equal and parallel h*i « Y , 
frame to tho shaft. 

Tho couple moililion trlr 
on the crank, 

Tho frame reactions *w*i 
IIhoh in tlio llguro. 

Tho litrnl result iH Mitu 
of tlio commoting rod inv< 
frame liko those shown, i * 1 111 , 
from instant to instant. Ini 
ally through tho Homo vn] 
tend to cause vibration «*f i 

Tim connecting roil m 
exactly by tlio ninthi i* I i 
in Fig. 5. With this nri'm 
that the rods on tlio rigli I, t 
to tlio rod mi the loft an r l < 
rosiiltant of tho forces on tin 
upon tho motion of tlio 
is exactly equal and op] 
of tlio forces oil the friunc 
tho acceleration of the rod i 
Tho forces wax and vviim 
directions in exact uniou 
neutralise one another fr<mi 
and tho frame Itself, iilfln nij 
produced by these forciut, i 
action of an unlialuiii'ot I f< 
has no tendency to vihnuf n. 

Tn prnolioo it is nniinl 
olToot of tlio rod by trend »n 
though its mass wore divl 
crank pin and the rgei - ] »i“«» 
vorsoly as tlio muss eonl-r<' *3 
Tho sharo assigned to tin* 
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balancod ns part o£ tho revolving musses; 
tlmt assigned to the reciprocating masses is 
balanced with the reciprocating masses. 

Considered as-a system of two masses tlio 
frame forces produced are not oxactly tho 
aamo as tho frame forces produced by 
tho actual connecting rod, hut wliilo it is 
impossible to balanco tho rod except by 
another rod in the way shown, it is possible 
to balanco those divided masses with ordinary 
balance weights with sufficient accuracy for 
most practical purposes. 

§ (II) Tn 13 Centrifugal Coupee. Refer¬ 
ring to .Pig, if it will bo scon that tho mass M 
is balanced by tho mass m placed diametric¬ 
ally opposite to i b. 

Lot Fig. 11 be tho side view of a shaft carry¬ 
ing a mass M at radius R, and for tlio moment 
suppose it to bo supported on a pair of parallel 


M 



knifo odges at Bj and B a . If tho balanco 
weight m is placed opposite M at radius r 
Buoh that MR = mr, but at a distance A along 
tho slnut ns bIlowji in Fig. 11, and this is 
usually necessary in practice, it will still bo 
found to balanco M whon tlio shaft is at rest. 
Tho shaft will stand in any angular position 
on tho knifo odges. It will bo in perfoofc 
statio balanco. If now tho shaft is put in 
bearings, say, at B t and B 2 , its revolution will 
sob up vibrations. 

Although it is in statio balanco it is not 
in running balance, Tho disturbance is now 
produced by tlio eouplo forniod by tho reaction 
of M on the shaft, giving a foreo Miu*R, and 
by tho oqun.1 and opposite reaction mufir on 
tho shaft, tlieso two reactions being separated 
by tho distanco a. This couple tends to turn 
tho system about an axis perpendicular to 
tho piano containing tho forces. 

Tho distance A between tho forces is called 
tho Arm of tho eouplo, and tho product of 
ono force into tho arm is called tlio Moment 
of tho eouplo. 

Tho eouplo is oalled tho centrifugal eouplo, 
because its forces arc tlio centrifugal forces 
caused by tho rotation of masses, 

A eouplo can only bo balanced by au equal 
and opposite eouplo acting in its piano. That 
is, tho four forces of tho pair of couples lie 


in ouo piano, and this plane contains tlio axis 
of tho shaft. 

Tho moment of tho centrifugal eouplo 
caused by the mass M and its balancing mass 
m is Mw 2 RA. 

It may bo balanced by a eouplo M^RjB, 
tlio quantities being token so that 

M,R l B=JIRA. . . (1) 

These couples must act so that they tend to 
produco' rotation in opposite directions. 

Tho dotted lines in Fig. 11 show a balan¬ 
cing couple. If masses, radii, juirl tlio arm B 
satisfy tho equation abovo, and if in addition 
M 1 R l = »i 1 r, and thon it will bo 

found that tho shaft may bo drivon at any 
speed and there will bo no vibration. 

At tho samo timo tho shaft will stand in 
any angular position on tho knife edges. Tho 
masses disposed round it satisfy in fact two 
separate conditions. 

Thoy are in st atic balance, and they are also 
in running balanco. Statio balance implios 
that tho mass centre of all tho masses lies on 
tho axis of revolution of tho Bhaft. 

Running balanco implies that tho centri¬ 
fugal couplos of all tho masses form a system 
in equilibrium. 

§ (4) The Practical Problem. —Tlio prob¬ 
lem of balancing an ongino presents itself 
in practice in this way. An ongino is designed 
to fulfil conditions of power, spcod, and 
arrangomont, and tho result is a crank shaft 
driven from a nuntbor of cylinders. Usually 
tho lines of stroke of tlio cylinders arc con¬ 
tained in ono piano, and this piano contains 
tho axis of tlio crank Bhaft. If there are n 
cylinders, thon thoro are n piston masses, u 
oranks, and therefore n revolving masses, 
and also n connecting rods. Tlio accelera¬ 
tions of each of these systoms of n masses 
cause framo reactions. 

As mentioned above, tlio connecting rod 
is eliminated from the problem by distribut¬ 
ing its mass botwcon tho revolving and tho 
piston masses. 

There nre now two balancing problems : 

(1) To balanco tho revolving crank shaft 
masses. 

(2) To balanco tlio reciprocating piston 
masses. 

Both fall under ono method of solution. 

§ (5) Solution of the Balancing Prob- 
lem . 1 —The initial problem to ho solved may 

i This solution by Professor Dolby was first pub¬ 
lished In J800, It Is contained in a paper ent itled " Tlio 
balancing of Engines with special reference to Marino 
Work,” printed in the Transaction* ofthe Institution of 
Naval Architects. 1 890, xli. In this paper will be found 
applications of tlio method to tho balancing of torpedo- 
boat engines, Including with the pistons the recipro¬ 
cating slide vn Ives ns well. The development, of tlio 
method to include primary and secondary balancing, 
tlio balancing of locomotives, mid the treatment of 
many problems arising out of the dynamical condi¬ 
tions involved will bo found in 'The Jlrtlmiciny of 
Engines, by W. li. Dnlby, mentioned above. 
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Ijq stated in this way. Given a revolving 
shaft with a number of masses attached to 
it, find the balance woights which must ho 
milled to secure static and running balance. 

Solution .—Solect a plane at right angles 
to the shaft in which it is intended to attach 
one of the balance weights. This piano is 
called specifically tho Refkhknck Blank. 
The reference piano may bo rogardod as a 
definite piano like a drawing-board, keyed to 
and revolving with tho shaft. 

Transfer oach contrifugat forco Mw 2 R in 
turn to this piano. Each forco transferred 
gives rise to 

(1) an equal and parallel forco, M w a R = F, 

acting in the plane ; 

(2) a couple F«, where a is tho distance 

through winch the force is trans¬ 
ferred. 

Tho transference of ono force to tho refer¬ 
ence piano is illustrated in Fig. 12. lloro the 




M 


A 


S'f. 

Lb 


/ I\ 

. u. 


i t \ 

\Jf~ 

-a- 

T 

REFEUENOE 


\ / 
V.y' 

PLANE 

i-'ra. 12. 


will givo riso to two vectors in the reference 
plane, a forco vector like OB pointing always 
in tho radial direction of tho mass, and a 
couple vector OA pointing in tho radial direc¬ 
tion sottlcd as above. ' 

Tho noxt stop is to find tho resultant of 
tho couples. For this purpose sot tho couple 
vectors out in any order to form a polygon. 
If tho polygon closes, then there iR no un¬ 
balanced couple. If it docs not close, tho 
vector required to close it gives in magnitude 
souse and direction tho couple required to 
balanco the couples about 0. 

Tho couplo closure, as this lino is called, 
is tho product of four quantities, namely, w 2 , 
an unknown mass M acting at a convenient 
radius B from the shaft and in a piano at a 
convenient distance d from tho reference 
plane, and is equal to Ml.tw 3 rf. 

Select a piano at a distance d from tho refer- 
0,100 l>l<vne where a balance weight may bo 
convoniontly introduced. 

Select a radius R at which it i R con¬ 
venient to place the balance weight in this 
piano. 

Finally calculate tho magnitude of the 
balance weight from tho equation 

Couplojjlosuro 
“rflW* 


Ms 


rotation of tho mass M produces tho contri- 
fugal force Mu ,a R=F on tho shaft, and this 
transferred to tho reference piano givos tho 
equal and parallel, forco F and tho couplo 
Fa. 

For, introduce two equal and opposite 
forces F at the point 0 in tho reference piano. 
Then these forces being in equilibrium thorn- 
solves do not affect the equilibrium of tho 
systoie. Tlio three forces, F from tho mass M, 
and F and -F introduced at O, may then bo 
analysed into tho oqual and parollol force F 
acting at 0 in the roforouco piano and tho 
couple Fa. 

Draw a lino OA parallel to tho radius to 
M to represent tho couplo Fa. Its length 
OA is ohoson so that OA-Fa ftn .l its senso 
is marked off according to tho dirootion in 
which the couple tends to turn the sliaft 
about 0. 

That is, its sonso will bo from 0 outwards 
m the radio 1 dirootion of tho mass for all 
massos on tho right of tho reference plane, 
and from 0 in tho dirootion opposite to tho 
radial direction of tho mass for all masses 
to tho loft of tho reference piano. 

Also draw OB to represent tho foroo. 

Then every mass M revolving with Olio shaft 


The angle at which tlio radius stands in 
relation to tho other radii on tho shaft is 
given by tho direction of tho closure lino in 
tho polygon. 

Then add this balance weight to tho system, 
and transfer it to tho roforouco piano ns before, 
thus adding one more foroo to tho system 
already tltorc. Tho couples now balance. 

.Lhon sot out the force vectors in any order 
to form a polygon. If this forco polygon 
closes, then there is no unbalanced forco. If 
jfc docs not close, the vector required to close 
it gives in magnitude sense and dirootion tho 
forco required to balance tlio forces acting 
at 0. b 

The forco closure is the product of threo 
quantities, namely, a mass, a radius, and w 3 . 

Soloeb a radius at which it is convenient to 
p ace tho balanco might in tho roforouco 
piano, and thou calculate its magnitude from 
tho oqualion 

Rw 9 

Tlio angle of tho radius to llio balanco weight 
is given by tlio direction of tho closure in tho 
polygon. 

w 2 , being constant for all masses, may liavo 
any value in working out tho solution. There- 
fore call it unity. 

iho addition, of tlio balanco weight in tho 
reference piano 'to balanco tlio forces there has 
no olToct on tlio balanco already produood 
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between tho couples. Because a forco noting 
Jit 0 has no moment about 0, and can there¬ 
fore be tultlod or removed witlumt introducing 
a couple into tho ayatoin. 

This is the essence of the solution. Tho 
couples arc balanced first, and then the forces 
are balanced without disturbing the balance 
between tho couples. 

It is easily shown that if the forces and tho 
couples are separately balanced about any 
one point along tho shaft they nro separately 
balanced about every point along the shaft. 
Therefore, after tho balance weights have 
boon found by tho method explained, and 
have been added to tho system, it will be 
found that both tho couple ami tho forco 
polygons will close for any position of tho 
roforoneo piano along tho shaft. 

Tho balance weights found aro independent 
of tho position chosen for n roforoneo pluno. 

This property onnblos the work to be chocked. 
Having found tho balanco woighls ns doscribod, 
include thorn in tho system, and thou soloct 
a roforoneo plane at a now place along tho 
shaft. 

Ignoring tho knowledge that, the system is 
balanced, proceod to find balance woiglits. 
It should bo found that both forco and couplo 
polygon close, showing that no balanco woiglits 
aro required. If tho polygons do not eloso, 
there has boon hoiuo error in the original 
determination of tho balanco weights. This 


mass revolves from tho reference pfrmo in the manner 
indicated in tho figure, 

Arrange the data in the way shown in Schedule 
No. 1. 

Column 1. Write in tho numbers of tho pianos of 
revolution. 

Coin inn 2. Write in the distances of these planes 
from tho rofcrciico plane. 

Column 3. Write in tho values of M, the mass at 
common radius K, Tin's mass is equi¬ 
valent to tho centrifugal force when 
w*ll=]. Tlie column is therefore 
headed Toner:, 

Column -1. Write in the products Ma calculated from 
the figures in columns 2 and 3. This 
product is equivalent to a centrifugal 
couplo when w’ll—!. Tho column iH 
therefore headed C'oun.K. 


Schedule 1 


Hu. of 
I'limo or 
No. of 

Crunk. 

Dlstinico 
of 1’lnuo 
from 

Itofcr.iicc 

Flane, 

I'llBCK. 

Ki|Dlr&l<illt Mns.i at 
Common It ml Inn, 
or Ccntr If np-iil Kori o 
ivlicn 0)'R=1. 

CoiiiiUi when 
<oUE=), 


O. 

M. 

flirt. 

No. 1 

0 

Unknown bill. wt. 
(14-4 pounds) 

0 

No. 2 

3' 

17 

51 lbs.-ft. 

No. 3 

0' 

15 

135 „ 

No. 4 

12' 

7 

84 „ 

No. 5 

7' 

Unknown bul. wt. 
(11-0 pounds) 

83=olosiire, 



cheek on the acoumoy of tho work is a valuable 
olomont of tho Dalby Solution. 

§ (0 ) Example.— bet tlioro bo three masses—M 2 = 
17 pounds, pounds, and M, —7 pounds— 

uttnohed at common radiliB K to tho shaft SS {Fig. 13) 
spaced along the shaft ns shown, and Bpaoedangularly 
around tho shaft ns defined in the end view of tho 
shaft {Fig. 13). 

The itinss centre of each mass rovolveB in a piano 
to whloh tho shaft is perpendiouinr. 

Lot the problem bo to balance these threo 
masses by two bnlnnoo woiglits, tho ono being 
placed in tho piano No. 1. and tho other in the 
piano No. 0. 

Choose the roforenoo piano to coincide with tho 
plane of revolution of ono of the balance woiglits. 
Wo may therefore o boose either pin no No. 1 or piano 
No. 0. Lot us choose plane No. 1. Then write on 
the drawing the distnnoo of each plane in which a 


Noxt Hot out tho couplo vectors of column l in the 
way shown in Fig, 14. Choosing any convenient 
scale, draw 

AR=> fi] and parallel to radius 2 (end view, Fig. 13), 
J1G'= I3G and parallel to radius 3. 

CD*= 8-1 mid parallel to radius 4. 

DA tho closure, measuring 83, is tlio couplo required 
to produce bnliuico amongst the couples. 

Tho balance weight in piano fi is calculated from 
(Rw , = l), 

Couple closure 83 „ 

M “ dST—7" 1,,# 1 ,0mul8 ' 

Tho angular position of tho radius of thin balance 
weight is defined in relation to tho others by drawing 
radius 5 in tho end view parallel to tho olosuro of 
tho oouplo polygon. 
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This musa is now entered in tho schedule ns 
indicated. 

There are now four forces acting at 0 in fcho 

A 


OoupL 0 - 



Couple Polygon 
1’KI. h. 

roforonco plane. Starling from any origin, sot out 

ufi = I7 jiarnliol to radius 2 (ond viow, Fig, 13 ); 
be = 10 parallel to radius 3 ; 
cd= 7 parallel to radius 4 ; 
r/e 3 - 11-0 parallel to radius G. 

ea, tho olosm-o measuring MM, is tho halnnco weight 
at common radius required to Imlaneo tho forces 
at 0. Tho angular 
position of tho radius 
of this hnlanco weight 
is defined in rolalidn 
to tho others hy 
drawing radius I in 
tho ond view parallel 
to tho olosuro of tho 
force polygon. 

Those two balanoo 
?(y weights added to the 
system in tho planes 
spooilled, and in the 
angular posilions de¬ 
fined in tho end view, 
produce a system of 
five masses in liotli 
alatio and in running 
hnlanco. Tho shaft 
°an ho driven at any 
speed when hold in a pair of hearings placed ntiv- 
whoro along tho shaft without pvoduoing vibration of 
tho supports. 

Whatovor vnluo bo given to it will bo tho samo 
lor oaoh mass, and therefore will not mako anv 
differonoe in tho balanoo woiglils found. 

§ (7) .Deductions from tub Force and 
Coupee Polygons.— Tito balance of a system 
ot n' rovolving massos may bo tested by 
soloctmg a roforonco piano at any point along 
tho shaft and tliou following tho method 
•t)vo. Unless tho piano has boon solootod 
to coincide with one of tho pianos in which a 
mass rovolvos thoro will bo in tho roforonco 
piano, aftor tho transference of tho forcos to 



Force Polygon 
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it, n oouplo vectors, and n foro.o voi-I.oih. If 
tho masses aro in balance tho 0 „upl*’ void,ms 
sot out in any order will form a il| t >H(« t qmlygon 
of n sides; and tho force vector* w* 1 ' 01,(1 
any order will form a olosod poly ^*" 1 <lf " 
sides. Corresponding sides of those two 
polygons aro parallel, but tho of M'» 

lengths of a pair of parallel siilow i« HiflAmnfc 
for oaoh pair. Tho ratio of a puir in hi fuel, 
tho distanoo a from tiio l-oforoncio of 

tho mass whoso forco and couplo n.rc> riv»prefc. 
ivoly roprosonted by tho pair <>i‘ pnndiel 
sidos. 

Tho balancing of n massos aiming* 1 *' thorn- 
solves is thus conditioned by thonn gnoMR'li'iiwi 
properties of the force polygon and tlio nniplo 
polygon. 

If, when tho vootors aro sot out, »f> nlinnld 
bo found that tbo forco polygon cd om<>», but 
tho couple polygon does not Memo, Hum Urn 
masses aro in static balanoo, but am not in 
running balance. Thoro is no tin 1 wirlimcnd 
forco, but thoro is an unbalnncsucl (simple 
causing reactions on tho frame. 

A fow important practical limit,n,t i« mu can 
at onci) bo dodueod from those imlygonn. 

(a) Throe massos oarriod on throo arms 
spaood along a shaft can only m iilunlly 
balanoo if tho arms aro in ono plaint* it. piano 
containing tho axis of tho shaft. Miron in 
ond view tho arms would all lio in u. cl i it motor. 

L'or it is only possible to draw two 7 >1 ilygcum 
of Lhroo sides each, with oornifijioiidiiip oiihui 
parallol, anil tho ratio of tho longtdiH of oneJi 
parallel pair diihmmt, if tho polypi >im olnso 
into a lino. It follows that tho nrnm on, frying 
tho masses must bo in a lino so that Liu * iii klillo 
arm is at 180° with tho two outer hi-iiih. 

Ihoroforo a crank shaft with tlnoo rnnlui 
at 120 ° cannot bo designed so fchnh fcho Timtmcm 
mutually balanoo. If fcho massca um> oipinl, 
fciio force polygon closes and statin imliuicn 
is obtained. Bub in those condition 11 (.ho 
cojiplo polygon oannofc bo olosod. 

To balanoo fclireo massos sot at imglim with 
one another a fourth mass must lio mtih.il to 
tho syiitom oipiivalonii to a fourth nivmk. 

I lio systom is thou oquividonfc to four nms.wu 
on four cranks. 

(b) Four massos 011 four arms npnun< I nUmg 
ft shaft can in gonoral bo balanced in nougat 
tliomsolvos, bocauso a pair of polypi i mi ,- mi 
bo found in which corresponding sichm am 
parallol, and in whioh fcho ratio of tho Jitnufchft 
of oaoh parallol pair is dilforont. 

(c) But four massos spncod along «. nlinffc 
on four arms sot nfc 90° with outth , ( tlu«v 
cannot bo dosignod to balance. J£ LJi** four 
massos arc equal tho forco polygon cilomm and 
fchoi'o is static balance. But with tho 

all right unglos fcho oouplo polygon uamint Isi 
nmdo to oloso. 

Therefore a orank shaft with four Franks 
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sot at 90° with each other cannot bo designed 
ho that tbo masses balance. Balance can only 
Ijo obtained by milling a fifth mass to tho 
system equivalent to a fifth crank. Tho 
system is then equivalent to live masses 
on live cranks, but with tho condition that 
four of tho cranks aro mutually at right 
angles. 

Many other useful conditions can bo deduced 
from the geometric properties of tho forco and 
couple polygons. 

§ (8) Tun Balancing of a Rotor. —Tho 
rotor of a steam turbine is truly turned, and 
tho blading is symmetrical. At first sight it 
would appear that there is hero no balancing 
problem, becauso so far ns constructional skill 
can go tho mass contro of each olomontary 
disc, of which tho longth may bo imaginod 
to bo made up, lies in tho axis of rotation. 

But owing to slight variations in density, 
and in tho symmetry of tho blading, tho mass 
contro of each olomontary disc is in goneral 
slightly displaced from tho axis of rotation. 
Although bhoso displacements aro slight tho 
spaed at which tho rotor is driven involves 
accelerating forces- which aro large onougli to 
causo vibration. So that, after all, tliom is a 
rotor balancing problem, and a difficult one, 
becauso the displacements of tho mass centres 
of tho olomontary discs cannot bo identified 
by any method of weighing or monsuromont. 

Tho problem is in faot similar to that which 
would ho presented to a designer asked to 
work out tho balanco weights for a totally 
onelosod reciprocating ongino, with access to 
tho parts denied. All ho would boo of tho 
moving parts would bo tho ends of tho crank 
shaft projecting through tho boaring at each 
eml, and all ho would know of them would 
bo that thoir motion produced vibration. 

Similarly, all ho can seo in a rotor is an 
apparently truly turned mass, symmetrically 
bladod, and all lie knows of it is that when 
driven it producos vibration. 

Ho might by imagination concoivo the rotor 
to be made up of a scries of olomontary discs, 
but tho position of tho mass contro of each 
disc would bo hidden from him without 
possibility of discovery. 

Mr. King Salter, in a papor to tho Institution 
of Naval Architects road at tho spring mooting 
of 1920, has described an ingonious method 
of solving tho problem. 

Tho rotor to be balanced is placed in 
bearings and is driven by a motor. Being 
unbalanced it producos a reaction on ooch 
bearing. These reactions aro separately 
measured in tho horizontal direction. Lot 
R 1 and R 2 be tho rospectivo maximum reac¬ 
tions measured in the apparatus when tho 
rotor is driven at w revolutions per scoond. 
Tlion each reaction may be regarded as pro¬ 
duced by a mass M attached to the rotor at 


radius r. So that the mtximum horizontal 
reaction at each bearing is expressed by 


from which 


R.,=M,w 2 r, f . 
R 2 =M 2 w 2 i'.j, . 


Mi 



It 

(<r)\ 


( 1 ) 


( 8 ) 

(*) 


Mi and M., can be calculated from (i!) and (4) 
because w 2 in observed, and r may be put equal 
to unity or to any convenient constant longth. 

The next part of the problem is to find the 
angular position of the radii r, and r v This ifi 
done by tho apparatus described in the paper. 

Tho rotor, with its hidden system of un¬ 
balanced masses, may now be replaced by 
a shaft with two known masses attachod to 



it at known angular spacing as illustrated in 
Fig. 17. Fig. 10 shows tho rotor and tho 
centre lino of tho bowings at which tho 
reactions aro moasurod. Fig. 17 shows tho 
equivalent unbalanced system of two masses 
os determined in Mr. King Salter’s apparatus. 

Tho two planes in which balancing masses 
are to be placed aro now fixed upon. One 
is chosen as a roforonce piano, and then tho 
solution of § (fi) is applied to find tho actual 
magnitude and position of the balancing 
masses to bo placed in tho two respective 
planes. The arrangement ib shown in Fig. 18. 

Tlio usual shop method of balancing a rotor Is to 
plnoo it on a pair of level and parallel linifo edges 
and then add balanco weights until it will stand in 
any angular position on these knife edges. This pro- 
ness ensures static balance hut not running balanco. 
Tho unknown unbalanced oouplo onnnol bo esti¬ 
mated from experiments on parallel knife edges, 
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mid in practice the propor distribution of balancing 
manses lo scon re running balance in done by |.i>ini 
and error. After atutio balance in Hoenreil (lie rotor 
is driven up to speed, and if the couple i'r anllicient 
to produce disturbance the weights added to secure 
static balance are distributed so that the running 
balance ig improved without interfering with the 
statin balance, Considerable experience in required 
to get this done mttmfmdorily. It is advisable to 
test the balance <>f a turbine rotor in steam so that 
tho rotor and its blades have expanded to the 
positions they occupy at the normal running Loin* 
pernture. 

A full description of Mr. King .S’nIter's apparatus 
will Ijc found in the paper cited above. Briefly it 
ooimiHts of a substantial bed with a bearing at 
each end. Mach banring can slide horizontally 
through a limited distance, but. is prevented from 
doing so by a spring screwed up against it. When 
n trial of a rotor is being made tho spring is com¬ 
pressed against the bearing so that it just proven Is 
it moving. Tho strength of the spring is hnown, 
so that the maximum force noting horizontally on 
tho hearing in the direction of motion can Ini observed. 

On each and of the rotor is placed a spider or 
llange, carrying on its periphery a number of radial 
fipoheH like the spokes on a steering wheel, hut with 
this dilferonue, that they tiro free to slido inwards 
radially, hutonao pushed in they oannot oomo liaok, 
icing hold by a spring. When these spiders linvo 
been keyed on the ond of tho rotor, all spokes out 
to tho limit allowed, the rotor is driven at tho 
testing speed by an independent motor, and this 
motor is then disconnected. Tho hearings uro then 
slightly rolioved so that (lie rotor oan move hori¬ 
zontally under tho unbalanced forces, A kind of 
brako shoo is then gradually approached to the 
spokes and pushed on to them until tho ends are 
running in a oirulu, The rotor is then brought to 
rest, and an examination of (ho spokes shows (ho 
particular radius corresponding tn tho maximum 
horizontal disphicemont, and therefore to tho 
maximum value of tlio foroo on tho corresponding 
bearing. 


I’lioro is a simple construed* *• 1 * <,Uo lo 
Dr. Bohn bol t, and published by |,|,o * Inmlmi^ 

Mathematical .Society, 18ps, wliic-li Mm 

spacing along the shaft, tlm angulrt* - 1 -Miti<m<4. 
and the masses for mutual buiitn* ’ l ' H uiongid. 
four musses. 

l-ot tho Spacing of 1,1m oihjiIcm Mio 

shaft ,SS ho given as indicated in ll> - 

Clmoso any polo O. Join point,, 1 » :< - '• 

with this polo. 

Talai any point A on 01, ami throU.? ' •' 'Raw 
a line All parallol to the shaft KM iuM h lino 
AM parallel to tlm lino 03, 

Through B draw a lino BO panvll«'l *" I' 1 " 1 
lino 02. 

Then OAOll is tho force polygon ex ► rr**-' l | M 
ing to tlm position of tlm pole () and tho rmnk 
spacing given. 

Ihis force polygon dolinos hv 4 - 1»4 ^ li»ngtli(t 



The displacement of the mass centre of a 
rotor and the angular position of the plane 
containing tlm mass centra and the axis of 
tho rotor can he found by direct weighing in 
tlm Martin rotor balancing apparatus. Tho 
method and (ho apparatus uro described in 
ftnffwceriny, December 31, 1020. By tho 
aid of this apparatus a Htalio balance of 
great aoeimmy mm ho obtained. For many 
rotors static balance may ho sullioiont, as for 
t io chin dise-hko rotors of gyrostats. If the 
statm balancing of a rotor is found to ho iu- 
sidliownt, its dynamical balanoo can he tested 
and scoured by tho aid of Mr. King Bailor's 
apparatus. 

§,(!)) I oun Mashes. SricoiAr. Monsthumton 
— i'cmr masses may ho sob together in mutual 
balance in nil infinito variety of ways. For 

n ” “I?"!?, 0 of P' lilH of four-sided force 

o polygons can ho drawn at random 
lie geomotrloal conditions monlionod 


of its sides tho relative nmgnituiJt'M «>f Mm 
masses, and hy tho directions of ]|„ Mm 

positions of tlm cranks. 

Tima in tho end view draw crank t-id i mi olid 
to the Hide OA; Sc parallel to I,ho hUI«» .AM; 

parnllol to tho side MB, and Ko vmivillnl to 
tlm mdo .BO. ‘ 

If now tlm systoiu ho tested it will ]><> Lmi.mI 
that the couple polygon is dosed. TIm» j.mof 
of tins will hn found in .Dalhy’a />W, 
hngmta, 2nd edition, 11 ) 0 ( 1 , p . fit). 

The constrimtion may he varied in ninny 

ways. For example, tlm angular pimifi.If 

Mm erauks in mid view may ho dnuvu nl. 
random. J’lmn select any pole () , lIM | draw 
lines radiating from it parallel to tho cnuil 
directions. Tlien diuw across tlm ra V « u 
lum hS, and tho intersections delino tin > in mmon 
along the shaft. M 

Jl’hen draw a lino as AB jiarallel (<» M,o n,.,, 
SS and llnlsh tho force polygon. Tin* ni,jcn 
tlien (lofino the magnitude of the iiiiihnou. 

§(10) Tiih BaT,AN 0(N(I Of HkUJI’IM H lA-riN.l 
Massios, We liavo now to comdtN,,- u m 
balancing of the reciprocating iiiasHo.s r ,f „ 
niulti-nylindor engine of tho type wlioi*, «i 1( , 
eoiitro lines of tlm eyliudors lie in a pla ru» < M .n. 
taming the axis of tlm oratik shaft. 

In tlm marine typo tho piano is Vc*i-tioul 
in tho ordinary land typo tho piano in iimmltv 
horizontal, though often vortical. I>j m‘ 

V ongino tho piano is inolinod, and thorn juu 
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two systems of parts to Ijo separately balanced, 
one sot in oueli i noli nod piano. 

The frame reaction caused by the recipro¬ 
cation of a mass M by a crank turning with 
uniform velocity is given by equation (3), § (2). 

A way of producing an exact equal and 
opposite reaction on the frame is described 
and illustrated in Fig. fi. 

This construction is, howovor, oxclndod from 
the problem before us. 

An expression giving values closo to the 
vultiOH from (3), and dorived from equation 

(■*).§ (2), is 

F=M a R cos 0 + M(2») a 4 - £ cob20. . (1) 

The first fcorm of this expression is tho pro¬ 
jection on tho lino of stroke of tho centrifugal 
force due to tho rotation of tlio mass M at 
radius It and at speed to. 

Tho second term is the projection oil tho lino 
of stroke of the contrlfugal force duo to tho j 
rotation of a mass M at radius Jt*/4L and nt 
speed 2 w. 

Tho greater tho length of tho connecting 
rod in relation to the crank radiuB tho smaller 
tho second term. 

In tho limit, when tho rod is infinitely long, 
the second term vanishes. Tho crank and 
slotted bar inochanittm partly realisos this con¬ 
dition. Tho ratio of rod to crank is ofton largo 
onough to niako tliis socond term negligibly 
small. In loemnotivos tho ratio of rod to crank 
may bo 7 to 1, and oven more. But in soino 
kinds of mnrino engines it may bo only 3A to 1 . 
Tho socond torm then becomes important. 

Whon tlio socond term is ignorod in the 
balancing the engine is said to bo balanced for 
Primary Forces and Primary Coui-les only. 

If, howovor, tlio socond torm is included 
in tho problem, tho engine is said to be 
balanced for Primary and Secondary 
Fouoes and Couples. 

(i.) Primary Balancing. — Sinco tho term 
Mw*H cos 0 is tlio projection on tlio lino of 
stroko of tho centrifugal force produced by 
tho rotation of a mass M, tlio conditions of 
primary balance amongst n reciprocating 
inassos are tho same as tlioso for n revolving 
masses, and may bo investigated by assuming 
that each mass is attached to its own crank 
•pin, so that tho n reciprocating masses are 
replaced by n revolving masses. For if a 
polygon iB closed, thou tho projections of tlio 
sides on any lino are algebraically equal to 
•Aero. In oflior words, if tho conditions of 
balanco for tho revolving masses are satisfied, 
so too are tho conditions for tho equivalent 
reciprocating masses, Tho Dal by Solution of 
§ ( 5 ) may thou bo applied without change to 
find tho balanco weights of tlio substituted 
revolving system, and tho balanco weights 
found reciprocated in tho cylinder piano will 
balanco tho reciprocating inassos. 


The example of § (15) may bo restated thus. The 
reciprocating masses of a three-cylinder vertical 
engine weigh respectively M a =17 pounds, M s = 16 
pounds, hr, =7 pounds. These masses avo recipro¬ 
cated by cranks spaced along and around the crank 
shaft, ns defined hy Fig. 13. Find tho reciprocating 
balance weights. The answer is (see Schedule) 1), 
14-4 pounds reciprocated hy crank No. 1 ; lit 
pounds reciprocated by crank No. 6; tins lines of 
reciprocation lying in the plane containing the centre 
lines of the cylinders. 

The masses may bo designed ns lumps of metal 
rooiprocnlcd in properly lubricated guides on tho 
engino frame. They would then bo called Bon 
Weights, 1 Tho engino would be described qb a 
thrce-cylimlcr engine in which the reciprocating 
masses, that is the piston masses, worn balanced by 
a pair of bob weights. 

Each balanco weight may, however, he designed 
into a set of piston masses and added complete with 
cylinder and vnlvo gear to tho engine, Then the 
engine would bo described as a five-cylinder engine 
with tho piston masses in balance amongst them¬ 
selves. 

Tlio problom of balancing an ongino, ns 
stated in § (4), involvostlio separate solution of 
two problom b. First find tlio reciprocating 
balanco weights, and add thorn to tho ongino 
oitbor ns bob weights or as pistons. Secondly, 
find tlio balance weights for tlio revolving 
system of tlio crank shaft and add thorn to 
tlio crank shaft-. 

Knob of theso problems is nop (irately solved 
by tho application of tho method given in § (F>). 

‘ Tho deductions of § (7) apply equally to 
systems of reciprocating masses, It follows 
that tho fowoBt number of cylinders in which 
tlio pistons may bo sot in mutual balanco is four. 

Much lias boon written about tlio balancing 
of four-cylinder engines, In practice, howovor, 
ovon for primary balancing, the valvo gear must 
ofton bo included to got tho host results: In 
particular a four-cylinder torpedo-boat ongino 
becomes with its valvo gear a problom in 
balancing twolvo linos of parts. Thera are 
some subsidiary problems involved in tlio 
comploto solution, for which goo tho worked* 
out oxamplo in Dalby’s Balancing of Engines. 

(ii.) Secondary Balancing. —Sinco tho socond 
torm of equation (1) above gives a forco which 
is tho projection oil tho lino of stroko of a mass 
M revolving at twice tho speed of tho main 
crank at radius lt a /4L, tho condition that tho 
secondary forcos shall balanco is that tho 
corresponding forco and couplo polygons shall 
closo. A 8ohodulo is made, as illustrated in 
Schedule 1, and tho work is corned out as in 
§ (5), but with this difference: tlio end viow 
of tho shaft must now show all tho crank 
angles doubled. 

Balancing to satisfy the conditions of equa¬ 
tion (1) is thoroforo conditioned by tlio closing 
of four polygons, namely, a primary force 

1 '* On tlio Balancing ol Marino Engl nos,” Sir 
Alfred Yarrow, Trans. Inst. Naval Architects, 1802. 
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£Sa; , "' inuu '-)' co,, ] ,| o polygon, a secondary 
* •' gon ’ aml a secondary cou])lo polygon. 
n , m i™ n an ongino, thorn is no difficulty 
; u mg \ U> . ) !° k) * b 111,1 primary androooiulary 

fcho minted conditions analytically, 

Ul ° following method affords a solution . 1 


, of n „ cmn,c •"**»n*l from a fixed 
,• / , ■' ' y 1,10 Miwraaion *|+ty lt whore 

V <• a, is measured along the llx«! cUrenfcion 

' /l -ri,n" | SU,, ; < - ,lt r,ghtnB * lc * to it. Also ,r , 3 -|-,,* = { 
.1 -n cUreehon of „ cmnk eorroaponding £ tU m 

nml ro'volvh £"' vk[m( ‘ t ° 111,1 fix«l direction 

n [ ro ' 0,vni B twice ns fast., ia given by 

iore” , «m, clm.r ** ^ 

Primary force— 

AfjW-Jljti!, -f-*//,),. . 

Primary cmi|i|e—. ' ‘ 

M.wfftd*,- Ii!/,]a u . . . , 

Bcooiukry forco— ’ 

«.»*»■,* , 

l .. . (,j) 

Secondary couple— 

L ( ;c r-.V,-+»2 i e I y l Ja I . . . (r,) 

oi>ommU t ° m Ul ° td,Xli ° m ° f tl,CS0 ‘ IUft " ti,ioa f » r 

Mi 



. Witt ‘ t,lc general relation ** j foi . n| , . , 

y fl with the minu subscript, 

J?'* ch ° r "'Bht equations lias one term for 
enuh reciprocating mass, 

It is not possible to find iv solution of any nmolicd 
vn no w, , h fewer than 5 lines of parts, th!,t L, wltl! 

oil her is "n f 1 r“°; Tl, ° ««''ld <>" hnilt 

e. i n flvc ' n - vll,,,,w <!,, fii'io or a tbreccylinder 
engine with a ]>nir of hob weights. 3 

tvin’n of <h0 possliiilitics of balance 

nth engines of dillerent nunil.ers of oral)Its will bo 
found in tbo Ii.h.I; oiled above. 

§ (II) Tino Yahhow Sen lick Twjsynv 
Maiunk Lnoink. —This is ft four-cylinder 
engine with looiproonfcing parts ),n| nu( . (1( i 
amongst thorn solves for primary forces and 
primary couples. J 

Later afoiir-cylindorsyininotrioally armiiL'ed 

engine with the reciprocating parts habmeed 

foree^and 'T ™ fW 1>Vimary aml *«™«lary 
tmees and for primary eottples was used and 

deserilwl '^ <>f B0ttin « fc,liH Wanw» ’ was 

unmotZSr at t "° N ' 1 ™ 1 Ar .«*■ 

Although th„ „|g |,6 fumhimoiitwl ou.rntb,,. 

Of tlio imnxUng «„,0io„ „,„ ul „t ho ,i ," 
nnc,,n»lv »ttafh,<l („ r „„ ( ,„gi „ 0 , y| 

foul terms m each equation, yet it is nmsilde 
fco satisfy the first six of thom\vith ZZ,!h 
1 or equation Thus a four-erank engine can 
it ean fc, ' ( ’ first « ix oquations, and thus 

bahj coof'S?"® 1 U ‘ n,ld wonndaiy 

El i f H hw and primary 

balance of Mm couples, hut tlio secondary 
couples must remain unbalanced. y 

Iho flymmolrionl ongino is indinivlnil in Fin *>1 
A roforonao piano is taken at centre of t£*X 


tenn!!V' V,U ' y J ’I >l0fJ « <'"if '»««« there is a set ( ,r 
tern s norrosponduig to these four expressions Tim 

CSS n U “V b oxJrciS 

by the eight siiniiltnneoiis equations: 

Primary forces vanish— 

(JLVI-Mjtf, q.Jo.0. 

(Miy.-i M,,/, .{. .|.j =0 . 

Primary oouplcH vanish— 

q. 

( i ' 1 i?/i«i-|-M^j«, -|. -!■)=,(). 

Scoondary foroes vanish_ 

WV - Vi 2 ) ) =0. 

( , ' 1 ‘ -I-M, u-v/s -I- H-) = 0, 

■S'eoondary oouplos vanish — 

(Md.i'i 2 -//,=)«, lUxf-yJ) at .,. .j.) =0 . 

M i x *y* n i im, + -i-)=o. 

!s, ml. 1 " 118 <>f tli ° Intitit,llio » of Naval 



OEF, PLANE 

Pin. 21. 

Ss M is'LL" Cq r I 10 th0 2CM, and ' ho 
mass M, is taken equal to the mass Id.. With these 
assumptions, the first six equations give 

witl further M - M » 


•Wi’—t 

»i 2 =*-Pt 


whore 


and 


P» 




g a?" n ”dQ 9 ' 


nit 


2AI, 


(1) 

( 2 ) 


(2) 


"•idling a ' Kl “ li » ” f 
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Tim Kolnlion of Dio lir.il. nix <(pmtmii H uitli four 
Ici'iim |M-r «-(|_Miu.joii i» not limited to tin- Hvimiiclrioiil 
cugum. 

" x l"' l 'H.iioiiH for im^ymim.lrioal engines urn 
cmaphiriileil, Tlio general solution is given l.y 
lioreny, i" f> W»niktkr A’ urhilyclriclw {Leipzig, IWM), 
mill 1’iofoHniir I rigid, iri a |>ii[ii>i- priul <■(! in t lie 7 Wi.svi<% 
/nm.v ij th>- Innlitnlhm of Naval Architects, given onrvcs 
fmm which the gra|.liioi,l tmliKioti <imi Im foiimi for 
tlm |)i’o|ior given oonditioiiH. 

If will Im reiimiiiliered dial in the aixiulal oun- 
iilrmihon given in fj ( 0 ) for Dm four-ornnk engine (Im 
polo O ofiu Im ohmonat random. Tim ijimntilien Du n 
iiatiMfy (lie liral, four of Dm eight equations. Thorn 
in "no imaition of Dm polo mid one only whiuli yields 
lean la whiuli satisfy Dm lira I, six equations. .So’ldiok, 
in Dio paper mentioned above, given a geometrical 
nii!in|.|-iH)(i<>u for finding tins position for Dm aym- 
iimtrioill engine, .Sennleo etndy of tlm problem l.y 
’ • 111 n paper entitled «Tim Hnlnnoing 

ot the I'niir-t -Viuik I'lnglim,’’ rend before Urn In lev. 
national Cnngre.Hn or MallienuUloiium nt Cambridge, 
Ai»|{imh Idle. (l | HI) a pup,,,. | )y PiofeHaor Jngliii, 
haii.s, Im. Naval Arch., 11)11, Part I. 

'I'ho Hotting of tlm four main ornnloj derived 
from thciHn nix equal.ioiiN and the roMilling 
fmii' rnoiprnonllng mamma produce bidaneo 
only mnnngat tlmuiHolveii. Tlm vnlvn gear 
"ill* itrt lion vy nmipn mating vnlven him 
received no eonniilernfion. In pi ne l ire. tlm. 
valve gear muni, lie lirmight into tlm problem 
to mien re (dm bent rcnnltii, A noinpromiee 
enn lie inmln wliielt madia in perfeel. prininrv 
Im In non fur foreon mid coiiplea of all Idle 
foeipri mating parla, inelmling the pinhinii and 
tlm vnlven, wliilnt tlm condition for maniiliiry 
Imlmme uf tlm fureeti in mmriy mitinlied, 

Ji(l2) Till'! llAl.ANOINU ill' 1 LOUOMUTIVKH. 1 
ICmrli coupling rod in iningined to Im replaced 
by nimmeti uoneenlmlcd at tlm crank pinn, 
The [linn hIkito the innnH of n rod in tliu pro- 
portion in whiuli limy nlinro il-n weiglit, Thou 
by § (f'i) nmy Im found the angular poHilioiiH 
and the mnwHON nt nrnnlt rndiim to balance 
tlm revolving imumca of eneh axle. A Imlnuen 
weiglit in lomnlty imnt with Urn wheel nnd 
in often uliaped in (ho form of a eroHeent, 
Let m be tlm inntiH of the' crcKeont-nliapid 
balinmo weight, excluding tlm musa of tlm 
epokeii ]imming through it, and lot r Im tho 
mdiuH of the imiHn eontro, then hy trial nnd 
orror vuIiioh of m and r imiHt 1m found nimli 
that wi’nlllt, whom M is tho halanoing 
liman at emnlc radius R. 

'I'ho reciprocating nintmoH are ummlly 
balanced by revolving iiiuhhoh placed in tlm 
driving wliimln. TIicho am combined with 
tho mtiHHOH required to hulimeo tho revolving 
imi tn, no that tlm Imlnneo weight neon in a 
driving wheel in tlm remiltant of two bnltumo 
weight«, namely, one to Imlnneo tho revolving 
iiiuhni-h, tho other to balance tho reciprocating 
innHHeH. Thu balance woiglita added to Imlnneo 
the reciprocating iiiukboh are llmnmolvcH im- 
* “Hlumn Knglne, llcdprocaUng,” § (8). 


balanced in tlm vortical diroetion and mi 
produce a varying priwnro on tlm mile. LiT 
\V Ihi tlm Htutio load on a driving wheel, Hint 
ia, tlm load inenstirod on a. weigh bridge, and let 
in bo tlm revolving lunsw at rad inn r added In 
balance tho reciprocating iimnncH, then (dm 
Hlfttio loud i« nltorindoly iimiviinod and 
dimininlmd por revolution by (dm aim unit 
iiuo s r/ij poimilti. Omega in boro (ho angular 
velocity of tlm wheel in radtmi!) pm' neeoiid. 
It in more convenient to oxpruHS tlm angular 
velocity in lormn of tho upootl of tlm engine. 
Lot V ho tlm apcod of tlm engine in inilea per 
hour, and .1) tho diameter of tlm wheel in feet, 
then tlm maximum ami minimum load on 
tlm rail can Im calculated from 


W 
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An average typo of coupled engine would 
have YV—7A Iona on tlm driving wheel, arid 
if tlm reciprocating pnrltt worn fully Imlnnecd 
llm Hceond term may renoh the value of -I tone 
at (10 niileH per hour oven on a wheel «n largo 
an 7 feet diainotef. 

Tlm mil load would then vary between 12} 
Iona mid IIA lii.iiH [H-r rn volution. Thin would 
be dcetnietive to tlio perniiuieut way, eupoeially 
to the i'll ki:i I'ii'diT.i of brulcon, blit Idle |.motive 
pull would I.,- even. It. ia better (non I be 
peniiiuiiiil. way point. .d vi.-w In leave tlm 
leeijn'oeiitiiip. mn:<!U':i tinl.abii.ii'.!. C.oi g 
l.lliil in dnlin Idle I tmi-. variali.ui a |t| i.hi:i u , 
llm traeldvu pull. In i. . ..ii.pimm ,. 

ia made and it. iu iiinn.l l., ... ■ 

tlm reciproniling luuui.eii, leu vine. to mu y 
Idle tractive pull mid (Imming tlm elit-.i <o 
t{ on the pennuiioiit way. 

Having decided wind, propoilioii of llm 
reciprocating ninurmn in to bo baimmed, pm- 
portioiialo nmnnen an. nupjioneil eoiioentialrd 
on their jvtqamllvu manic piim. And aiiieo 
tlm Imlnneo wcighlit nru going to bo added, 
not iin reeiproeuling mniiHcti but tut revolving 
tauHHCH, themt miiHHeti can Im included in tho 
Hchcdulo of tlm involving iiiuhkcii, mid ^ (b) 
applied to liud al rulght a way tlm remit not 
balance weightu for the driving axle. 

When tlm driving wheel iit icimdl Micro nmy 
Im dillleulty in designing tv millnbio bubuice 
weight for it. Tho revtilvEng bidiince Weight 
added to Imlaneo (lie reeiproeuling nuima-ii 
nmy then Im diatrilmLe.d bntweon tlm einiplml 
wIich'Ih equally or in any proportion thought 
bii it able. Tlm Imlaneo weight then men in 
any one of tlm coupled wheeln Em tho muiJiiu.t 
of tlm imlnneo weight mpiired to balance i!h 
revolving jiuihhi»h, and the Imlnneo weight 
required to hulimeo tho proportion of tint 
reciprocating niium traviuforroel (o it. 

T'liia tliHtrilmtion of tho Imlnneo weight 
required to Imluaco f]io roeiprowuttiig ume'ieH 
also diutrlhutoa tliu hummor hlmv, an the 
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variation of mil load is called. For example, 
fclio liammor blow of 4 tons under the driving 
wheel may Ins distributed to give KJ ton 
under each of tbreo coupled wheels. 

The reciprocating masses of a four-cylinder 
locomotive may be balanced amongst them¬ 
selves, ns explained in § (10). The possibility 
is not, however, taken advantage of bccauao 
the era idea are generally arranged in two 
180" pairs at light angles. 

It lias been pointed out in § (7) (c) that this 
is the one angular spacing at which mutual 
balance is impossible. If the reciprocating 
masses are equal there is balance for tho 
forces but the couple is unbalanced. This 
moans that the reciprocating masses produced 
no variation of tho tractive pull, neither is 
there any variation of mil pressure, so that 
there is no hammer blow. But the unbalanced 
couple acts oil the engiuo to make it sway 
laterally. This swaying oan he corrected by 
the addition of revolving masses in tho driving 
wheel, but these masses, although without olicet i 
on tho tractive pull, introduce a liammor blow, i 

If tho angles and musses woro designed to I 
seouro balance thoro would bo no variation 
of tractive pull, no liammor blow, and no 
swaying couple. Four sots of valve gear 
would be required as against tho two sots 
with which the four-cylinder locomotive is 
usually oporated. 

§ (13) The Balanoino or Intbbnatj Com* 
nUSTioN Engines.— Tho petrol ongino , 1 which 
before the war was used mainly to drive 
motor oars, has been developed during tho 
war into a powerful prime mover for aircraft. 
.Dynamically aircraft engines can bo dis¬ 
tinguished into three types: 

Type A, An engine with its cylinders ranged 
in a lino along tho crank shaft so 
that tho cylinder centre lines and 
the crank shaft axis lie in a plane. 
'Type B. 'The V ongino formed by placing 
engines of type A to drive a 
common crank shaft and arranged 
about it so that tho pianos con¬ 
taining the contvo lines of their 
cylinders intorscet in tho axis of 
the common crank shaft. Thus 
two four-oylindor engines of typo A 
become an eight-cylinder V ongino 
driving a four-crank shaft. Throe 
four-eylindor engines of typo A 
become a doublo V ongino of 
twolvo cylinders driving a four- 
crank shaft. 

Type 0. Tho radial ongino in which tho 
cylinder contra lines rad into from 
tho centre of tho crank shaft 
and all lio in a plane perpendicular 
to tho axis of tho crank shaft- 

Petrol Engine, the Water-cooled "; " Air- 
incs,”, Yol, IV. 


Internal combustion engines n *" 51 ’ 1 '' * ( 

marines, in factories, and iii motor' <* ll,M " ll,: 
as a rule to class A. 

The balancing of-engines of *•>'P" 
boon considered in .sections (ft), <<■>; T J1 
ami from tho results there given ib'dsi hi an 
can be drawn for a few arranger«i*‘ nl ;1 " m "* 
in internal combustion engines, V* 1 * 1 ' u<,(l • v '' 1, 
s]>eeinoally considered. 

Tho fouvevivnkengine of typo A sV * ,, y 
reciprocating masses and with u ,,,,n ' 1 * 
tho middle pair parallel and tho ‘' 111 *' 1 l 11 '"' 
parallel and at 180° with Urn pan', 

and with tho cranks symmetric*! 11 >’ pif.rhud 
along tho crank shaft, is the iihijji* iirniugn- 
niont found in a four-crank motor ‘' J,r tin <dMe. 
With theso conditions the 
masses are balanced for primary for 

primary, secondary, and all higher* oniorn "I 
couples, but aro unbalanced for *n ^'mtdmy 
forces. 

Tho unbalanced secondary for*:** n, Py I' 1 ’ 
shown to ha 


JMw-r- 

-.— cos 20 Ibs.-wt. 

<j.\j 


noting vertically at tho centre of i he t'miiU 
shaft. 

M is tho mass in pounds of one sob * * f miipni- 
eating parts, r is tho crank radius in f''ei, L 
is tho longtli of tho connecting roc! ill feet, 
and w is the angular velocity in rmliuiiu 
per second. This reduces to vo»*.V nonrly 
(fiM«*r 9 /L) cos 20, using for y, 5)2-2. >* rrvolu* 
tions per second. 

An oight-cylinder V engine formed 1 m*Uing 
two four-cylinder engines of tho nl»»*vo kind 
togothor at an angle of 90° in l.hi-rofoi'o 
balanced for primary forces, for (iriumry and 
secondary and all higher orders of rumples, 
but is imbalanced for secondary foiv«?.*i. 

Tho unbalanced secondary form’ in Uin 
resultant of tho unbalanced seenncli*. i*_v fnreo 
from each of tho four-oylindor ongim'/T. Thin 
has just lieon shown to have lli«* vnluo 
(5M»V/L) cos 20. 

Combining these togothor it will l»o fiuintl 
tluvt tho magnitude of tho resultants i/i very 
nearly (7M?t ,J r 8 /L) cos 20, and that tliin niter, 
natiug force acts homon tally. 

The (i-eyliticlor ongino of typo A witl* ripial 
reciprocating masses and cranks m*t, tlio 
inner pair parallel, tho next pair j irmOM 
and at 120 ° with tho innor pair, and f. In* outer 
pair parallel and at 240° with tlio iinift* |mir, 
and with tho pairs symoiotrieally j ij It'lmil 
along tlio orank shaft, is balanced for | nrinmiy 
and secondary forces and higher t».\* 

eluding orders divisiblo by 3 ; and for 7 1 rimary 
and secondary and all Ijighor ardors of «•< m|do;i. 
Practically it is a perfectly balaneoil «ntf'lrut. 
V engines mndo up of six-eylindor nii^.>i tu .,, 
this laud aro thoroforo in almost inn-foot 
balance, 
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Tho radial engine, type (J, im equi¬ 
angular n cylinder radial engine with tins 
connecting rods coupled to one crank pin 
and with reciprocating masses per cylinder 
cipial to M pounds, is balanced for primary 
reciprocating forces by n balance weight m 
op])osito tlie crank pin calculated from 

in • pounds at crank radius. 

Tliis is valid for all values of n except 1 and 2. 

If further IM, at crunk radius is the equiva¬ 
lent of the unbalanced revolving parts duo to 
the omnlc arm, crank pin, and the n equal 
revolving parts of the connecting rods, the 
actual Imlnnce weight to bo added at crank 
radius diametrically opposite the crank pin 
to balance the reciprocating parts and the 
revolving parts is m -I-Mj pounds, 

It is shown below that whon the number of 
cylinders exceeds three, tlio secondary forces 
along the respective) linos of stroke mutually 
balaneo. 

If there are throe cylinders, mutually at 
120°, there is an unbalanced secondary force 
equivalent to that caused by a mass weighing 
IA iUryii pounds concentrated at the crunk 
jhu of a crank of radius r and revolving twice 
as fast as the main crunk, but in the opposite 
direction. 

'.these statements are proved an follows. 

Lot I'l be the angle between adjacent lines 
of stroke so that /I=27 t/m. Reckoning the 
crank angle always in the positive direction 
from any one of the n lines of stroke in the 


Y 



ongino, it will bo scon from Fig. 22 that tho 
omnlc anglo rookouod from the Ath lino of 
stroke is 0 + (k~ l)p, 

Tito forco along the fcfch lino of stroke is 
therefore 

F=Aooh {<?•!-(*- l)/3} -I-II cos 2 {<?-(-(/„— l)ji} 
A=M «V and 11 = -™’ 


The simnltuncmiH vnhies of the force along 
each line of stroke is found from this equation 
by substituting in succession Jr I, /* 2, lo 


To find the resultant force mi the frame, 
ouch of the forces is resolved into components 
along mutually perpendicular fixed axes and 
their resultant is dolorniincd. The sin Untie) its 
nindo above arc easily seen to follow. 

These results only apply strictly when the 
connecting rods are coupled directly to tin) 
crank pin. It they nro coupled through a 
floating big end, articulated us it in called, 
then the expression A cos 0 -I- R cos 2d no 
longer gives the accelerating force in the lino 
of stroke with accuracy. 

Whatever he the imiolinnienl arrangement, 
however, if the engine is balanced the nines 
centre of all tlio moving parts remains at 
rest during the motion. Particular arrange- 
niouls can tlioreforo be examined from this 
point of view. 

In conclusion a point may be mentioned 
which is of importance in internal combustion 
onglnes. The driving torque nn Che omnlc 
shaft ia necessarily accompanied by an equal 
and opposite reaction on the frame. If the 
driving torque varies periodically it lends to 
set the frame in torsional oscillation. This 
is minimised by increasing the number of 
cylinders and arranging the sequence nl living 
so that the Loiipin curve ahull be as uniform 
ait possible. The night-cylinder engine of l-ypo 
A gives a torque, curve of leant variation. 
Tlioiiix-eyllndorcomes next. The four-cylinder 
lias a largo variation per revolution. 

The addition of a llywheel, although control¬ 
ling the variation of speed cntuicqueiil upon 
torque variutiou, lias no client on t he lo mini nil 
ronetion on the frame. That muni. follow 
every variation of the torque exerted by tlm 
crank shaft whethor against a I'eHintunco or 
a roHistunee plus a llywheel. There is no 
dilHoulLy in securing pmolival uniformity of 
torque in a steam engine. 1 \v. i:. i). 


ENGINER, TilMRM< )1 >YNAM 1CS ()F 
INTERNAL OOUJiUMTI()N 

§ (1).—Tm nil fluids the pressure, volume, 
and temperature ate so related Hint if any 
two of those Im known this value of (ho 
third is determined. We may Mum (nke mi 
our independent variables the pmmui'o and 
volume, or tho pressure and Icmpcruluro, or 
tlio volume and temperature, In eonnidcring 
tho thomiodyimmics of intemul ooinbunliuri 
ongines it is ia general found most convenient 
in diagrams to take tho pressure and vein me 
as tho independent variables. 

1 " A OempnrlHiH) of h’lve Types of Riigliieii,” ute.„ 
W. E. l>ulby, Trmis. Itisl. Nuv, Arch., King. 
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§ ( 2 ) Cvor.KH Oil' Ol-MHATIUNS..When 

definite f|uiuiiil.y of any substance is subjected 
to a series nf operations such Mmt it roturnu 
finally to its initial condition in nil respculM, 
such a series in termed a “ Oynlo of Operations. 

Onrnofc’a conception of a nyidn of opevnlhuw 
as a eon von ion t means »*f considering gmmli- 
tativoly tho changes undergone by I lie working 
Biilislanco of an ideal heat engine has proved 
invnhmblo in the development of (ho modern 
science of thonnodymimies ; ils special merit 
is that as the working substance returna 
exactly to its initial state at tho end of the 
cycle, so also does its internal energy, and 
heneo we avoid tho problem of dismissing the 
measure of tho change of energy of Dm 
working substance fmm its initial to its iinal 
state. 

In considering the performance of inlernal 
oombustioii ongines it is found eonvenicnt tn 
divide cycles of operation into two classes, 
viz. (a) perfect cycles, and (/>) imperfect cycles. 

A cycle is said to bo perfect when it in of 
maximum eflioionoy for the lom porn turn range 
within which the engine works. 

A perfect cycle is reversible, i.r. if the engine 
he worked hack wards the heat tninsforoncea 
at each stage are exactly reversed. 

A cycle is said to he imperfect, when its 
oflioionciy is necessarily less than that of a 
perfect cycle for the same temperature range. 

All the cycles of operation employed in 
actual internal combustion engines arc im* 
porfcct in this sense j owing to the nature of 
tho operations performed, their maximum 
efficiency is in every ease necessarily less t han 
tho conceivable maximum for tho range of 
temperature involved; the reasons for (Ida 
arc fully discussed later. 

§ {&) l'mmiKHMAi. and Ahuiia’mii Kiianukh.’ 
—When the supply of heat, to u aulmlauce 
is so regulated that ils simultaneous changes 
of pressure and volume take place without 
change of temperature, the changes are termed 
isothermal, 

When simultaneous changes of pressure and 
volume take place in a substance completely 
heat-insulated from all external bodies, so 
that thoro can be neither loss nor gain of heat, 
tho changes are said to be adiabatic, Mxpan- 
sion takes place, in general, against some 
external resistance (as, c.y„ that tillered by 
atmospheric pressure, or a, loaded piston), 
and honeo mechanical work must he done by 
the expanding substance in order to overcome 
this external resistance, Anticipating the 
first law of thermodynamics, if is evident 
that if heat he supplied to (he expanding 
substance some, at least, of this will be 
expended in the external work of expansion. 

On the other hand, if no heat he supplied to 
tho expanding substance, the li(.at- 0 (|iilvuloul 
1 Hco also “'I'liormodyiminlrH," 55 (. 15 ), (i«). 
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if Hie o:\lenml work done murd ’'"'I'l* 

from (he store of energy of *l' r " 
itself (termed its intermit I’lirig,' 
temperature will, in eonsc(|iU'i»i - «'» 
expansion proceeds, t'lenrlv, tl>« 
pressure-volume diugmm iv I'livv*' 
mlialial-ie ehanges from any i 11 i * i»■ I 
is always steeper (him a miiv*’ 
isol.lierrmd ehanges from llm s 
eotidiliou, 

§(■ 1 ) Tin: Two f.Awa ok Tiii:ii \c »»* • v 
(i.) 77/c Fir.il ./.tnr. Tho Jiinf. b*“ 
that' heat, is a form of energy ; 11 t>» 

eon verted into lueehmiical work, <»i 
the ((imnlily of nieelmnii'al w>n f» 
simply proportional to the gimiil i t /i 
converted. 

The Ihitish Thermal Unit (ll.TJi. 1 
ijuuritity of heat that will raise I I fr¬ 
ill, or near, its temperature nf * j* dianai 
density, through I" l‘\ This i|iiaiit i* y ’A Knot 

if wholly eonvei led into iiioelisui* ’<« I •’"■'•t'V 
will perform 77N ft.-lb.i, of work. "I Mi'", tho 
“ meehanieal ei|uivuleiil ” of lie,it, i'* imwdfv 
alyled “ .Inulo'u eijuivident " unit 
by the symbol .1. If the eeiitiginil'" mo, do 
tern pern! tires be used the vuIih* ,- t r|u« 
mechanical eipiivalont, then \ l> d (In' 
UTh.U., Iwvomea approximately I-I**** H U", 
(Hen “ Ileal, iMeehnnieal l’h(i(ivttJi-nr *■£►"' : r i (U) l 

(ri.) Tim SiMiitl /, 1 m 1 , This pula 101 *.n.I 
our experience that heal, linnideil, 1 > unable 
to pass from one body to another i»t ,* lii.dnv 
ter 11 pern I lire, ('lanninii' nniiiiciuiiiMi ■ Ha > 
law in as follows; " It is impns ,i f»l«• ’ f*a ,< 
self-nelinj' iimcbine, iiimidcd by miy >*:-v<*’ie,d 


is the 
n cfoi 
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agency, to convey bent, from otn 
atioflmr at a higher (empenitim*. 

“ 'I'herriiotlvimrinVii," § (I).) 

§ (fi) t *A UN«»T*>I h'KAI, Hvor.i;.. • Tfi#’ nil'll 
Imagined by Carnot comprises two i i, .1 fo »ie: 
mid two iiilia- 
Indies. During 
the Hist, opera¬ 
tion the Work¬ 
ing nlihsluiien • 
which may lie 
any whatever 
is caused to ex¬ 
pand isotherm- 
ally from I to 2 
at a tempera¬ 
ture T (/-7 ( /, 1), 
receiving 1 luring 
this operation a 
ipmntity of heat, which rimy lie ilennt. it bv 11 
At some point 2 tile beat supply vein**,.!, ,i»id 
thn expansion continues mliiibaticsll*- muDI 
point 2 in leaelieil. At 2 the third n|ii't**£(oii 
v.ommences, vI?., thutof isothernml emnjn 
at some lower leinpmvdure I, In a puitafr | f 
Niich that on further compressing uiIitilbtH.'.-ully 
front 4, tlm point 1 in again reached ; tinning 
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the isoMiorm.nl com | »oHHi(»i !H a (quantity of 
float, A, in abstracted from tho working 
substance. During t.lio isothermal ami adia¬ 
batic expansions l 2 and 22, moohanioid work 
in dona by tho nubstnnco, measured by the 
areas 122T1 and 2;i$'2'2 res poo Lively, During 
the isothermal ami adialmtio compressions 
<‘f l and Li, moehaiiicivl work is done on tlio 
substnneo, measured by the areas Sdi'Il'Il, 
'JIIM'4 respectively. Tlio eompleto oycle of 
operations loaves, therefore, a quantity of 
“ useful work ” ilonq by tlio substance repre¬ 
sented by tlio urea 12JM obtained by the 
expenditure of a quantity of boat If, of wliioh 
a part, h, is rejected. By the .First Law of 
Thermodynamics, therefore, tho useful mooli- 
nnioftl work U (measured, for convenience, in 
heat-units) must bo given by tho relation 

U = H - A. . . . (I) 

And tho oilluionoy of tlio oyolc, being the 
ratio of tlio useful work obtained to tlio energy 
expended, is 

Emoionoy=:U=“-^l-^ . (2) 

This equation expresses llio ellieicnoy of tlio 
Carnot cycle in terms of tlio heat received at 
the upper limit of temperature T, and that 
rejected at tho lower limit t. 

Moreover, tlio oyelo is roversiblo; if the 
engine be worked backwards and an amount 
of energy U bo given to the working Hubslunee, 
it will draw boat A from the sink at temperature 
t and give heat II to the source at tomporalum 
T, passing through all tho Hinges passed 
through during the direct process, ami lining 
in the name condition in all respects at onoii 
corrospomliiig stage in tlio two, 

§ (<)) Tnu Cauhot CYor.K a “ Pkrkkot ” 
Cvor.io.—No coneeivablo engine, whatovor its 
oyelo, working between T and t can iiavo a 
greater ellieicnoy than tlio Carnot engine, 
For if it be possible, lot there lie such nil engino 
N using the same “ source ” of heat at tompora- 
turo T, mid tlio satno “ sink ” of iioat at 
tempornlimi t. 

Let X bo ho coupled to tlio Carnot ongino 
as to drive it backwards without doing 
external work; then during caoli revolution 
of the coupled engines tlio following oxoliangos 
take place: 

Engine X takes heat If' from tho T-sonrco, 
rejects Iioat h‘ to tlio Labile, and performs 
mechanical work U - II' - A'; and 

'J’lio Carnot engine is rovorsiblo, nnrl working 
backwards takes in heat A from tlio l-sourco, 
and rojeets heat H into tho T-sourco in virtue 
of mechanical work IJ done upon it, given 1 ) 3 ' 
U==It-A, Thus, on tlio wholo, no moehaiiical 
work is done, hud H-A = H'-A'; Jicneo 
Ji - H'=A - A'. Rut sinco X is tho more 
oflicienb engine, it docs tho work U for a less 
oxpondituro of heat from tlio noureo tiiun 


tlmt inquired liy tho Carnot engine. Tlnm 
H' is less than If, and hence A' is rmi Ihmi 
A. Thus the source nl temperature 'I 1 guimi 
Iioat II - II', nml tlio sink at n lower (nnipein- 
turo t loses an equal amount of Iioat A !>'. 
Hcnco by means of an inanimate material 
ngonoy—the two engines coupled - Iioat is 
transferred from a body at temperature l In 
one at a higher temperature 'I', in violation of 
the Second Law of Tlionnodyiuumort. Tlnm 
ongino X cannot have a greater ollieieiiey, 
working botween T and i, tlinn Mint of Hie 
Carnot ongino botweon the same temporal •un , i«. 

Hcucc tlio Carnot oyelo in of maximum 
oflioiency, i.e. is a “ Perfect ” oyelo. 

it immediately follows that, within Mm 
snmo temperature range, all perfect nyolon 
aro of equal ollieienoy, tho vnluo cl which in 
torniH of heat reeoived unci Jieat rejected hi 
ns given in equation (2). 

§ (7) Kki.vxn’s Ausoi.utk .Scams ok Ti:m- 
pkjiatuhr— liquation (2) expresses tlio eld- 
eicnoy in terms of Iioat quantities; it in neat 
nocassnry to allow how the oflieieney miiy bo 
exprcsNcd in torniH of the limiting tempera- 
turns tlieniHolvcH. 

Lot A,10, ( b'iy. 2) represent a portion of an 
Isothermal, nl lei n point uro 'I',, of Mm working 
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substnneo, wliieh may bo any wliulnvcr. 
Along A,10, lot points 11,. C*,, .1)] lie taken Mich 
tlmt the oxpaiiHiunH A,!!,, 11,0, > C, I), 
sjiond to tlio addition of equal niiniilHii;. 
of licat, If,, at tlio constant lomponUuie T, ; 
and through A„ B„ C\ draw a hoio-ii if 
adiabatics of the substance. 

Lot AjlkC. bo ft second isothermal of tho 
Biibstunco corresponding to Homo lower (<>in> 
poraturo T a . 

Tlion tho quadrilaterals A,li a , B,('., l\h a 
aro nil equal; for onoii is the useful-work-mvo, 
U, of a Carnot ongino diagram receiving limit. 
IT, at tho higlior tompomtmo T,, and rejecting 
boat at tho lmvor tomperaluro T a . RItueovi , »' 1 
since tlio oilicicnoy is Mio same for each of I limut 
perfect cycles tlio amount of hcali rojoul-rd nl 
tlio lower tompomturo T a is tho same for eneli. 
Let it bo II a . Ileneo, also A,]l 2 , .B d <b, < '.,1L 
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represent, the isothermal changes at T duo to 
equal additions of heat, H 2 , to the substance. 
Next suppose there to he drawn a series of 
isotJiennais A 3 B.,C 3 , A.,B.,0 4 such that the 
quadrilaterals A,B a , A,B 3 , A 3 B, are ail equal : 
then it is evident that the two series of 
isothermal and adiabatic curves divide up 
the whole diagram into quadrilaterals of 
equal area. Now Kelvin defined equal tom- 
peratuio intervals ns those between any two 
consecutive isothermals of this series; ns 
this system of graduating temperatures is 
independent of the nature of the thormometrio 
substance employed, it is styled the absolute 
scale of temperature. On this senlo it is 
immediately obvious from the diagram that 
the efficiency of a Carnot engine working 
between 'J\ and T., is twice ns great as that 
between 'J\ and T 2 ; and between T, and T* 
three times as groat: and, generally, that 
the efficiency is proportional to the difioreneo 
between the upper and lower temperature 
limits measured in this way, i.e. 

j|=C(T,-T„), ... (3) 

where T, and T„ nro the upper and lower 
absolute teinperaturo limits respectively. 

The constant quantity C must bo in¬ 
dependent of T,„ but may bo. a function of 
, . termed Carnot’s Function, and its 

value is immediately determined from the 
consideration that as equation (3) is to hold 
wJiatover T„ may be, lot T„ be sui)posed so 
reduced (sec I-'ig. 3) that the whole of the heat 
■“i is converted into useful work U. As U 



cannot conceivably ho greater than this, it 
can only bo inferred that when U=H, the tom- 

of the Kelvin sent; 
. T n -0 when 11=11!; hence equation ( 3 ) 
gives in this oaso 1 =CTj or 




w 


Thus Carnot’s function is the reciprocal of 
lohdeTero reCk ° n0fl fr ° m tlie K ^in 

The efficiency of the Carnot cyolo can now 
be expressed in terms of the absolute tempera- 


turcs of the limits; for if (.| loH o Do T mid l 
respectively wo iiavo from equations (‘D ami (!) 

Effii<doiicy=;'.!:',.~J„. t A, . . (/,) 

and thus depends only on the rath* of Mu* ah- 
solute tempera Lures between which llm oiij-inn 
works. From eipiations (2) mid (f>) wo Imvi. id. 
oneo the important fundamental roliilmn 
H T 

in .<»> 

{.a. Ecatrec.eived_ A1, h . uppor tntnp. 

' Heal rejected ’ AbsTToivoi* ta' r i»]). ' ' 

§ (H) TKMrioKATUHI'M liy ( Jas-Ti 110 It mom r.*n:ii, 
—Anticipating 5 (M) r.t Ke g., wn know tJiaf, 
for an ideal porfoot gas jin^Ur, -ivlioro r in 
temperature as given j.y t| 10 gas-tboJ-momnler 
itself and R a constant; and il> in minily 
shown, 1 liy a diroot and indopondon <; in veal i- 
gation, that with sueh a gas as wo riving tiiili- 
stance, the eflieionoy of tho Carnot oyoln la 
expressed by whore T .. ami 'q nro 

tho lower and upper g«K-tcmpom.l un. liniip, 
respectively. Hence by oqnulionH (2) «nd (fl) 

WO havo ll/ll ~~t 3 /t 1 - -- If '}'; 

Kelvin abs. lower temp. 

Kelvin ahs. upjM'r temp. 

_ Gas-tliori)i(mn)ter In wor temp, 
(ins-tlierinnuiotor ii|ijic»r Lump,’ 

lu tho gas-Hiorniomotor scale, the iumiiumtim. 
interval between the freezing and ImiNim 
poinls of water is divided into UK) emml 
to tho zero uioumim; 
ut -7.1 below the freezing.point of water. 

U tho same size of degree lie udopfotj fur th,< 
Kelvin scale, then we shall have -= T . mid 
, J«» and the loadings, on either MiuiJn, will 
Im identical. As the ordinary ponnimon t uhm-h 
approximate closely in their propi,rti.H t„ 
those of a perfect gas,—within the timi , mmfiim 
range occurring in internal oombustmn miai.ie;,, 
r ,fc . “ <*l»ootail that till) rcuidinmi 

furnished by a gas - thermometer will n„i Tl |. 
spond very elosely with the tern porn turn, 
o the Kelvin absolute senlo. Thin h, found 
to bo tho ease, experiments by .Ton In mid 
Kolvm on the (low of air and ot lun- " m 

ZTt ST tb r n \ Hh |Mm,UB I’Iuk« Hjmwing 

that for n l pmetleal purposes tho roadimw 
of a gas-tlioriiKiiiiotor sensibly eoi,mide will, 
absolute temperatures on Kelvin’s wmlo. u 

Callondar (Phil. Mag., 1003) lias given tnldes 
showing (|,o eorroetion to ho rondo air 

lydrogon, and other gas - thormoinn tors in' 
md°r to eonvort (heir readings to thnno id tin 
Kelvin absolute sonic. The oarreetin,, j« 
oty small, amounting in tho constant-volume 

mOtT’nf fc ,Ci ; ,,<,,n0t T to nofc Weeding 
f/K>lh of a dogreo between -10° o. ni| ,j 

1 See “TlK^rinotlyiimiilrH,'' § (20). 3 I hid. § 
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1000° 0. With a constant-volume air ther¬ 
mometer the correction is slightly greater, 
but still very small. With gas-thermomctera 
of the constant-]treasure typo tho corrections 
are again slightly greater. 

For all thermodynamic investigations on 
internal combustion engines, however, tho 
readings of a gas-thermometer may be taken 
as absolute temperatures. 

§ (9) Entropy.— Lot AB (Fig. 4) bo any 
two points on tho pressure-volume diagram 
of a substance, and suppose that by the 
addition of heat simultaneous values of its 
pressure and volume in passing 
from the stato A to the state B 
, aro indicated by 

Ellt, '°py the full dark lino 
joining A to B, and 
which may ho of 
any form whatever. 

Through A and B 
let there be drawn 
adiabatios; and 
through any point 



Volume 
FlQ. 4. 


below A lot tliore be drawn any isothermal, 
cutting these adiabatios in a and l> respect¬ 
ively ; and lot l be tho absolute temperature 
corresponding to the isothermal ah. Lot tho 
patlv from A to B bo divided into a largo 
number of small parts through each of which 
a small portion of an isothermal is drawn, ns 
A„B tl , tho corresponding tomporafcuro being 
T„, and through each extremity of ouch of 
those small isothormals lot adiabatios be 
drawn cutting the {-isothermal ah. ns at 
a n , £>„. The whole area AB&rt is thus divided 
up into a large number of elements, each of 
which is a Carnot ongino diagram receiving 
heat H„ at temper,aturo T„ during tho iso¬ 
thermal expansion A„B n , and rejecting heat 
h„ at temperature l during tho isothermal 
compression The work-area A„B n /; n rt„A n 
being denoted by U n , wo have therefore, by 
equations (2) and (5), 

which may bo written 

H n -U„=£-". ... (7) 

A K 

Sot out at length, therefore, 

{HjH-H 2 + 1I 3 + . .. } - {U.+U.+U.+ .. . } 


IT, t 2 + T a 



But h n ={II n — U fl ) by equation (l); setting 
this out at length also wo have 

{Ai+/jj+7<3+ • • • } = {H, -f H 2 H a + - • • } 

— {U, h-U 3 -i-U a -l- • • •£, 

and accordingly, 

jA, +fi 2 + h 3 + • ■ - } =< {t i 1+ T a 2 1 T a ? * ‘ ‘ ‘ 


But £,+ h.y\ h 3 . . . - It, the whole quan¬ 
tity of heat rejected by isothermal compression 
at f, from b, to a ; bo that tho result becomes 


fH| + & + & + . 

IT, x, + T, 


1 _> 
/ 7’ 


a constant, 


whatever H„ II 2 , If 3 may be. 

When tho number of parts into which the 
path AB is divided is indefinitely great, each 
of tho quantities IT,, H a , H s , otc,, is properly 
denoted by dll, and wo thus obtain tho remark¬ 
able and important result 

a constant. . . (8) 


This is true whatever the form of tho path 
between A and B; it is truo wliorover A and 
B bo taken on their respective adiabaties; 
and it is also true wherever tho isothermal 
ttb bo drawn. The result may bo expressed 
verbally as follows: For any working sub¬ 
stance let any two ndialmlics bo drawn 
trtko any point on one and any second point 
on the other; by means of a heat supply to 
the substance, varying in any manner what¬ 
ever, lot tho condition of the substance bn 
changed from that denoted by the first point 
to that denoted by the second ; divide each 
very small addition of boat, whatever iln 
source, by tho absolute temperature at which 
it is added. Then tho algebraical sum of 
these quotients is constant in value. 

Along any adiabatic dlf = 0 by definition} 

f n 

thus in this enso j ^ <7IT/T=0. 
ru 

Hence ( Fig. 4), I dll/T indicates a quantity 
•'a 

which increases by a constant amount as wo 
pass from one adiabatic A a to another lib. 
Clausius gavo tho name Entropy to the value 

of the integral f r/I-I/T taken from some 

unknown koto of entropy up to the state 
A. It is a function only of tho state of the 
body. Tho koto of entropy is that of a body 
entirely deprived of heat, a condition unknown, 
to us, but since wo are concerned only with 
the changes of entropy this is immaterial, and 
equation (8) may bo interpreted as expressing 

the fact that j cllt/T, tho difference of the 

entropies of the two conditions A and B, is 
a constant. Entropy is usually denoted by 
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Tenipcrnturc-Umropy 
Dlnerain 


tho symbol 0 ; if, then, 0 , be that of A and 0 a 
that of B, wo have, starting from any arbitrary 
zero, 

. / A dll 4 f°dH 

H.t- 

/ 'M ,/j.f 

. . . . (9) 

i 1 

Practically entropy is reckoned from some 
assumed standard condition, ns, e.g., for unit 
mass at onn atmosphere of pressure and 0 ° 0 . 
or 100° C. temperature. As along any ndiabatic 
tho entropy is of constant valuo, all adinbaties 
are also iaentropics. 

If mi oloment of heat, dlf, be added at 
absolute toinperaturo T to a substaneo, the 
corresponding change of entropy is d<f >; by 
equation (K) r/ 0 =rfH/T. This may also he 
written and dli/<ltf> — T. Or, for a 

finite ohungo, 

/dlL ~jTd<l>. . . . ( 10 ) 

The value of the entropy is easily determined 
in any specifio ease, as is shown later in this 
article (vide 
§ (2fi)). Fig. f> 
shows a tem¬ 
perature-on - 
tropy diagram; 
it is usual to 
take tho tcin- 
poraturos as 
ordinates and 
Y> entropy as ab- 
s o i s s a o ; lot 
AB be a ourvo 
connecting tom- 
poraturo atul entropy, and from any points 
G (0/J\) and 1 ) ( 0 „T a ) on this curve draw 
ordinates (JM and J)N roH[icotivoly ; thou 

l"<t M« j\'d</>~nim MODNM. 

lienee llio liatclied area immsuius tlio heat 
supply to tho Hubstnneo from condition 0 to 
condition I). On tho lornpornlnro-ontropy, 
or “ T — 0 ” diagram all isotluirniulH obviously 
appear as horizontal lines, and all adinbaties 
(isontropics) as vertical lines, ns indicated 
in Fig. (1; tints the T - 0 diagram of any ongino 
working on tho Carnot cycle, wlialevor tho 
working substance, is a rectangle na 12341, 

12 representing the isothermal expansion at 
temperature T, ’23 tho adiabatic expansion 
from T to l, 34 tlio isoUiertnal compression at 
l, and 'll tho adiabatic compression from l 
to T (compiiro Fig. 1). Tho area MI2NM 
roproHonts II, the heat supplied during 12 , 
while N34MN represents h, Lite heat rojootod 
during 34; bonce tlio closed area 12841 
represents (II— h), i.c. U, tho heat euuvortcd 
into useful work. And it is immediately 
obvious from this diagram that tho oflieienoy, 



m n 

Entropy 

bi«. r>. 


U/H, being the ratio of tho areas mil and 
M12NM, is also expressed by (T - t)/T. 

And, genorully, the “T- 0 5 * diagram of 
an engine, working on any cycle is represented 
by an enclosed 

(iguro US, e.g., Compare Ftq.s 

that show n 
hatched in Fig. 

7, tlio area of 
which repre¬ 
sents tho useful 
work performed 
just as in tlio 
case of a pv dia¬ 
gram. Through 
tlio four ox- 
treme points of 
tlio boundary 
of this hatched 


Ailiatiatici (Jsontroiitcs) 

A, 
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_°1 

D, 

E, 
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Entropy 
Bio. 0 . 

area lot horizontal and vertical lines bo drawn 
as shown. Thou the actual engine receives 
.fy*’ 1 ® ,loat , H ' I'uprcHcnted by tlio area 
MAHON AT, and rejects heat Id, represented 
by NODAMN, its ullieioney being 

H'-ft' Id 
""'IF'"’ ** c - 1 “ W ■ 

Now tlio tompemturoH lie tween wlrioli (his 
ongino works arc 'I’ and 1 -, and 12341 i H tho 
T -0 diagram of a Carnot ongino working 
between tho sumo temperatures, II being now 
represented by M12NM, mid It by N24AIN. 

It is (divimiH that M12NM is grantor tlinii 
MAHONM and Unit N34MN is less than 
NC’DAMN, tJmt is, that H is greater than 
!(» ai|d h I(, »» W«MI Id ; thus A/M: is less Hum 
h l ii - "«*1» therefore, (1-A/.II) i H always 
greater than (1 - ///II') • tlmt is, tho eflieieuey 
of the porfoet eyelo engine is a maximum, us 
has already boon shown otherwise. 

§ (10) Entropy in a Comw.ktu (Iyoi.b.— 
Whatever tho eyelo of an engine, whether 
perfoub or not, tho working substance returns 
at tho ond of ouch eyelo to its initial condition 


i T-0 DlnRiniiij miy Cycle 

_ 

„ Italhirm 



~ Tump, T 

G 

A 




D 

Tamil, t 


Bio. 7. 

in nil respects, and thus in a complete cycle 
thorn is no change of entropy j or, syinhelically, 
for any complete cycle : 

. . , (u) 


IS 
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In interpreting this equation nil heat gained 
or lost by the aubstnneo as had, whatever its 
source, is to ho included. If, for example, 
tho cycle includes processes, as of “ imbalanced 
expansion,” any heat generated within tho 
substance itself during the subsidence of its 
turbulent motions must bo included in the 
summation of equation (11). Any heat so 
generated is clearly a positive addition to tho 
entropy summation. 

If heat acquired by tho substance in this, 
or other analogous manner, ho not included 
in tho summation, thou it will ho necessary 
to assert that only for any perfect cycle is 
equation (II) true, and that for an imperfect 
cycle fd\l/T is negative. 

§ (11) Temperature - entropy Diaoiums. 
—Those havo proved of much valuo in study¬ 
ing tlio action of heat ongincs using water- 
steam as tho working substanco, hut havo 
not so far been much used in investigations 
connected with internal combustion engines. 

Among further graphic aids to the study of 
heat engines may lie mentioned tho diagrams, 
introduced by Dr. Mollierin 1904, of total-heat 
entropy (II>/>), mid total-heat pressure (lip); 
both of tlieso have already been found of 
service in steam-engine and stemn-turhino 
problems, but they have not yet been em¬ 
ployed in connection with internal combustion 
engines. 

§ (12) Perfect Gases.— For the so-called 
“ permanent ” gases, of which (dry! uir is 
tho typo, experiment lias established llio 
following results, termed the Gaseous Laws; 
they aro conformed, to by actual gases tho 
more closely ns thoy aro raised in tompemturn 
tho more highly above their condensation- 
point, that is, tho more highly they nro 
superheated. These Gaseous Laws aro to bo 
regarded, thoroforo, as tho properties that 
would bo exactly possessed by an absolutely 
ideal gas. 

§ (13) Law 1 (Boyle’s Law).— If temporn- 
Cure romains constant, then the product of 
pressure by volume is also constant. Iloneo 
tho isotherms of a perfect gas on a pv diagram 
arc rectangular hyperbolas with tho co¬ 
ordinate axes as asymptotes. 

§ (14) Law .2 (Charles's Law). — Under 
constant pressure all gases expand at one 
uniform rate with inorcaso of temperature. 
As hy Law 1, w&=l/p when T is constant, and 
by Law 2, vcc'P when p is constant, it follows 
that pecT/p when both T and p change, t.c. 
v - R(T/p) where It is some constant. This 
result, combining Laws 1 and 2 in one state¬ 
ment, is usually written 

pr = RT, . . . (12) 

and is tormed the “ Characteristic Equation ” 
of a porfeot gas. 

If pv and T suffer simultaneous increments 


Ap, An, AT respectively, then, as equation (12) 
always holds, wo must havo 

(p -f- Ap)(t> + Ay) = R (T -f AT), 
i.c. pAv\- rAp-f- ApAy=RAT, 

and accordingly, in tho limit, when the incre¬ 
ments aro indefinitely diminished, 

pdv + vdp = RJT . . (12a) 

is tho invarjnblo relation connecting <lv, dp, 
and r/T. 

Here T is strictly (lie tomperaturo measured 
on tho absolute scale (§ (7)), but for all practical 
purposes tho rending of a gns thermometer, or 
a good mercurial thermometer, is suiTioiontly 
accurato (vide § (8)). From equation (12) it 
appears that tho expression pv/it measures tho 
ftbsoluto temperature of agas, and this property 
is much used in investigations of the action of 
internal combustion engines. Tho value of 
the constant It is determined in any speciliu 
enso when tho condition of the gas is known 
nt any one instant. Thus for 1 lb. of air at 
0 U C. (T=273°U abs.), when p is 14 7 lbs. 
per aq. in. ( = 2117 lbs. per sq. ft.), it is found 
that the volume v is 12-39 nub. ft.; henoo from 
equation (12) 2117 x 12-31) = 11 x 273, wlienco 
it=06. Accordingly for air tho ohnmotoiislio 
equation is 

p» = «.mT. . . . (12') 


§ (1ft) Law 3 {Rkonaolt’h Law).—'T hu 
specilio heat at constant: pressure is eouslant 
for any porfeot gna This quantify (511/ST),, 
is commonly denoted by 

Another iniporUuit nuxlo in xvliieli a gas 
may reccivo limit is at constant volume. 
The specific heat at constant volume (5H/f)T) u 
is usually denoted by k u . For air us the 
result of careful experiment tho valuo of h p 
wus determined by Rogmuilt 1 us 0-2375 
0.TJI.U. per lb. ■, from this Hut value itf h u is 
obtained, by calculation, as (H689 (J.Th.U. 
per lb. 1 

§(I(1) Law 4 (Joule’s Law).—I f a gas 
expands without doing any external work, 
iis temperature) romnins uuallorod. 'J'lio 
volumo of a gas is always nminluiiietl by 
some oxtcmnl pressure, and if a gas expands 
mechanical work is necessarily done by it 
in overcoming this external picsmno. If" tho 
gas bo heat-insulated from all external sources, 
oxperienoo shows that its temperature rapidly 
falls during expansion ; tho external work hi 
dono ut tho expense of the interim) energy 
of tho gas. When there is no oxtcmnl work 
dono there is no loss of internal energy, and, 
as Joule’s Law shows, no loss of lempcmture ; 
and this is true whatever tho pressure of tho 
gas. Hence it is concluded that tho Internal 
onorgy of 11 gns is proportional to its ftbsoluto 


* These vfthica are now emmUlered (<> Pc too low; 
vu ’ e } (73); also In nctiml g;inrn the values arc not 
constant. 


VOL, X 
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temperature. Thus in a perfect gas isothermal 
curves arc also curves of equal internal energy, 
i.e. are “ Iscncrgics,” 

§(17) Symholic .Expression oi.' the First 
Law of Thermodynamics. — In general, 
when heat is supplied to a perfect gas, the 
pressure, volume, ami temperature all undergo 
change, though at each instant the char¬ 
acteristic equation pu = RT remains true. 
Suppose the addition of a small quantity of 
heat Alt, to a gas at p, o, T, to causo these 
quantities to become (p + Ap), (o+Au), 
(T+AT) respectively. TJio effect may bo 
considered to bo produced in two steps, 
viz. (1) a rise in temperature of AT (with 
corresponding rise in pressure Ap) at constant 
volume, and (2) an expansion at constant 
temperature bo tween T and (T+AT) through 
a volume A v. 

The heat necessary to proiluco Llio first 
step is k v AT, k v being by definition tho 
quantity of heat necessary to raise the gns 
through 1° C. at constant volume. For tho 
second step the expansion at constant tempora- 
turc requires an amount of heat equivalent 
to tho external work done, which lies hot ween 
pAv and {p+Ap)Av. And tho sum of theso 
two quantities is AH’. Honco, in tho limiting 
case we havo 

= k v dT + -j-, (13) 

Increase of \ , „ . , 

internal Ld-Ext. work 
energy J dono . 

whore J is Joule’s equivalent (§ (4)). This is 
the symbolic form of the First Law of Thermo¬ 
dynamics in tho case of perfect gases. 

§ (18).—Sovoral fundamentally important 
results are immediately doduciblo from this [ 
equation. Thus, in isothermal or “ isonorgio ” 
expansion T is constant; hence XyJT^O; 
and accordingly in this case 


in thermal .units, T 0 being th<’ tibrndulo 
isothermal -expansion-tom peraturo. 

§ ( 19 ) Relation ov /•„ to l\ v , —"Wit L (ho 
same initial suppositions as in ij ( I 7), il (ho 
addition of All to tho gas [m-ckI iici h a riso 
of temporature AT (and corrcspotki J in# volume 
increase Av) at constant press nrn /), Mich 
by tho definition of h v wo Ihivd ill him 
A 1-I = i* p AT; and, in the limit, </M Ay/T; 
and the final stato of the gas lioing c-xmdly 
tho same in each case, wo may wfi to 

dll — kjfVS ~ kptf. I’ + 

But pu =RT, and us p is hero roimfnut, 
p(dv/dT) = It, i.e. pth-liM; henoo 

kpd'V. = Av?T -|- - VPJ 1 , 

sothat = • * • (1M) 

that is, of course, the difference. i»f Urn two 
spoeifio heats is tho thermal vn lun of I he 
external work done in raising I lb. of Mm 
gns through 1° 0. at constant prowHiiro. The 
constant .1.1 =j»(rf»/rfT) is tho mouHiiro of Dm, 
extomal work in ft.-lbs. 

(i.) Value of far Am-.—Rchu reloil ns a 
perfect gns, the constant value of Xy for ait- 
can now lio calculated; for wo Imvc won 
(equation (12')) that H ----- 1 )(J, also 

,, IUH , 1,00,1 ox l» t, n»mnl,ally iJotcnniimil 
us 1400 ft.-lbs. pur 0,Tli, II. : licneo by (10) 

witonco /+ = ()• 1(18!) O.Th.U per lb. 
as already stated. 

//* ^ ^ al,00 fkJKi Value, of y, — r PJi<* mlioof 
ifvlkp, always denoted by y, is of fundamental 
importance in all fliennodynumio invrniign. 
tions ; m tho ease of air, regarded as n lierfoot 
gas, we see that 


i.e. Heat supplied =■• 


dll= 


(U) 


so that the heat supplied is the exact equivalent 
of tho external work dono, the internal energy 
of tho gas remaining unchanged. And, 
conversely, if a gas ho isothormally compressed, 
tho heat omitted is tho exact equivalent of 
tho work done upon the gas in compressing it. 
Integrating equation (14) wo havo, denoting 
by H, the heat supply necessary to oliango tho 
volume from V 0 to v isothormally : 


7 ”&“u-l6w’“ W00, 

Assuming all heat-quantities to lie* o 
ns energy in ft.-lbs. 

Equation (13) limimc* 

rfl t =>l.yf/T -{-jhIu, . . 

while from equation ( 1 ( 1 ) 

11 -- k,i - Xi„ =d+(y - 1). 

Ifonoo hy equation (12 a) 

U<r\'~k u (y- 1 ). d'S^--2>th\vdp, 
kpd’.V ^—--- \jidv-\-vd])} • 


xpivmai 


(18*) 


bo timt 


;(i° rlT 6 mt i° of oxpwwioii (v/v 0 ) is USUI 
oted by r ; hence (15) is also written 

Heat supplied=Ext. work of expansion 

p 0 vo . RT„, 

=^ r I° g<r= ?log r ' ,j 


and accordingly (13 a) becomes 

{rtp+yvdv), 
wJiioh may also bo writtoii 

dll 1 ( dp 


(131.) 
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This equation is sometimes useful in tho analysis of 
actual iiulicnlor diagrams of internal combustion 
engines, 1 

'[.'ho following formula giving If-H 0 readily in 
work-units, in terms of quantities easily measured 
from an ordinary indicator (pv) diagram, is also 
worthy of notice. Wo hnvo 

honco (iT ; 

and thus equation (13 a) I incomes 


i.c. r/H—- -dpi pdv. 

y - 1 

Integrating nil aoross from (poWolfj,) to (jjalf) gives 


H- If 0 =. - ]> o v 0 ) I- f julv. \ (13a') 

' 1 

Thus (IT — II®) is determined ns p, v, j» 0 , and v 0 arc 
rv ‘ 

directly mensurable, and I jw/c in readily found 

JPa 

by ]>lanimolfio measurement from the indicator 
diagram. 

If tlin actual expansion (or compression) curve 
of a diagram can 1m resumed by mi equation of llu> 
form pu n “constant (i’Me $ (22) infra), wo have by 
differentiation 

ilv 


i.c. 


tin 

v ■ • 
liu 


- up ; 


which expresses that in this mode of expansion 
the ox tom n I work is done wholly nt the 
exponao of tho interiml energy of tho gas. 

As p —ItT/i>, and H—l), 
wo may write (17) 

MTiMy-i)’l'f-«5 

that is (IN) 

Integrating, log e T-i-(y--l), log* a con¬ 

stant. If T 0 and a ( , 1«< (Ininm lent pernl.nre ami 
voltmio rospuulively, 

b log, T 0 l (y - I) In#* t» 0 . 

Honco 

1ok « (t) -'-(t-*)!««, (>«, 

an'l UniH g)(”) V '-I. . . (Ill) 

'I’his is the udialmtio equation tif n perfect 
gas in tci'Mis of volume and tempera In re, Ah 
yiW—H'J' always, equation (III) may easily ho 
expressed in one of the following linen ways! 

P» Y - p lt V(i y • . ■ a- constant, . (20) 



heneo in this ease equation (13u) taken tho very 
simple form 

dll y~n , 

dv^y-i^' * * ' 


If, during expansion, tlio gas loses heat, tlU/tlv is 
negativo, and lienen n must be greater than y. 

If, during compression, tho gas loses heat, then as 
dII = (y-«/y-l);sfn and both rfi[ and ilo nro 
negative, n must ho loss tlmn y. a 

Whoa pv n ^u, a constant, p^uo~ n , and tlius 
equation (13 d) may bo written 

on integration and raluotion this gives 

II-If 0 «*?--? ~<iw-p e v 0 ); . (I3ra) 
boo also equation (35) infra, 

§ (20) Tun Am a hath; Equation op a 
P.EUFUOT Gas.— In ndiulmtio changes no heat 
outers or loaves tho gas, and honoo in equation 
(13) wo symbolist) this condition by putting 
dll=0. Thus in ndiabatio elmngo wo hnvo 

MT-I-= . . (17) 


pp l 3; ' 0 * llteri>al Qombudioii Jingine, 

1 Ayrton anil Perry, Pruc, Phya. Soc., 1885. 


{) (21) KxVAXHION -III I N|"I NJTY. If unit 
mass of a jimfeol; gus he expanded (I) iuu- 
thonnally mid (2) ndlnbutieully, from mi initial 
condition p Q , v, lt T 0 , to nil inliniln volume, 

tho oxtcriliil work (litem being j , pilv in Jit- 

finite in tho isothermal ease, by mpmtlon (If)'). 
In tho adiabatic ease, however, wo hitvo 

/« rfl 

Work to infinity — f, jtrlv---p o v 0 y f v Ytfv 

by equation (20) j that is. 

Work to infinity^ v 0 Y x * * * ■ . 

-yl-1 (y I) 

{*>) 

Ah p 0 v 0 ~ liT 0 -=k v (y - 1 )T 0 , thin may ulno lie 
written 

Work to infinity: ■ f.y'Y,,, . (21) 

an obvious truth, an in [his citso the whole 
internal energy of tho j»mk is ctmvorlvil into 
oxtornui work. 

.Vor l. lb. of dry uir at (»° (?. mid one iiliiinaplicrn 
prr.HHiire, regarded ns a perfeot gun, I lie exli-mid 
wnrk done in expanding to* infinity would tlnm 
lie 0-HJW1X27.1—1K-L. C.TIi.U.v dll.fi'fC) ft.-lhn,, <»- 
'28-8 ft.-toiis. Ah t' 0 ^I2-iib unit. ft. Ihin may idso 
he expressed by saying that 1 null. ft. ut 0” (imil one 
atmosphere, expanding to iiiliiiity in iho I’iroua- 
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stances here supposed, would perforin about 2;',- it,- 
tons of work. 

§ (22) Ciruvas of Equation jw n ~ Constant. 
—All lho curves of this family have n general 
rescinblnncc to the hyporbola for jjositivo values 
of the constant index it, the co-ordinate axes 
being asymptotes. Such curves aro frequently 

of service in 
the study of 

_ „ , hcat-ongino 

Curves pv » Constant) dingromil a8 it 

is often found 
possible to ex¬ 
press actual 
compression 
or expansion 
curves by as¬ 
signing a suit¬ 
able value to 
Ida. B. n. 1 It is thus 

useful to esta¬ 
blish somo geometric and thonnodyuamio pro¬ 
perties conncoted with them. 

Thus (Vuj. 8), let DjJJjCj, T) 2 T 2 O a bo two 
curves whoso oipiations aro pv n =a lt pv n =a i 
rospeotivoly. 

Properly 1.—Lot these two curves ho out by any 
horizontal, i.e. constant pressure, lino NB t N 8 . Denote 
NT?! by v v Nib, by v 2 , and ON by p. 

Then Ctfjb. 

P» i" «i 

and thoreforo 1 

(?)■ 

Hence any horizontal (cnnstaiit pressure) line outs 
tho two curves in suelinmimer that IhoraUoNBj/NHj, 
i.e. v 2 /v v in constant. 

Property 2.—Let the sumo two ourves he out by 
any vertical, i.e. constant volume, lino M(. 

Denote MOj, hyp,, M(, a by p s , and OM by v. 

Vi <’ n J'a 

and thereforo a constant. . . . (20) 

Pi «i 

Hence any vertical (constant volume) line outs tlio 
two curves in such innimor that Hie ratio Mtlg/MU,, 
i.e. pjpi, is constant. 

Properly H.—Let tlio same two ourves bo nut by n 
third curvn l),l> a whose equation iHpu"'~w a . Denote 
Ql)j by v v lll.) a by % I'll), by p v and 3i'J > a by p r 
Thou 

a , /vV" Sa¬ 
lience 

2vV m "3 ; <"i 


constant 


(2f.) 


Thou 


and therefore 


\"i/ «i 

i 

/®s\ _ /« 3 \ it -i 

W W 


, a constant. (27) 


'Tim value of n Is readily determined by log¬ 
arithmic) plotting, 


As this result is independent- of (f ;|> \vt’ U" v *' 1 
property Mint all I ho curves pi ,m ~ n ''id-1 u 

pair of pn n curves in such manner that- t 1 • 
tho ratio (t'o/i'j) is const a nt. 

Lastly, wo have 


value of 


T ? '\ 

Pi v i 


V «1 \j'i/ v’lV \p J \«ts 

by equation (27); that, in, 

m 


u coil Hi an t-r. 

II 


(2d) 


(111' ClUVI'll 


Cnru-nl nl/lft 1 '"’ 1 f '"' 
A l*nrfi!«5l 
Will (o ffvitlo 





This result being also independent- of n 
p W ' n =iv constant cut. 
the pn n pair in midi 
manner that the 
value of the ratio 
(p t Ip,) is constant. 

§ (22) Afh.kia- 
TION TO TUB (JAH- 
NOT DlACIKAM.— 

The diagram of a 
Carnot cycle en¬ 
gine using ft per¬ 
fect gns ns work¬ 
ing Bubfltanuo 
(Fvj. 0) consists of 

two isothermspa^ooiiHtftnt, anil two u<l mluiliiv. 
pvY — constant; compare Viy. I. 

Hero m — 1, n~-y ; and wo Jiavo (unit irilin/dy 
by equation (27) 

. . • <:!»») 

e.N|)itum* >u mid 
fi'inii (ISD) wo 


Voluni ti 
Km. o. 




or tlio ratios of isothermal 
compression um etjuul. And 
havo immediately also 




m 


or tho ratios of adinlmtio ox|jmn>i> >n nod 
compression are also equal. 

Tito total expansion ratio in (v.Jr t y ; deimlo 
this by X, and let r and /> donoto t lio iio il lu-niml 
and mliabatii) expannion ration n*r*| Muotivoly, 
Then us (i>.|/t) J )-:(i).,/i>,)(«,/o,), wo havo 

X-pr. . . . <:<(!') 

Now in this ease 

'h ~?V'a Y > 

lionco by equation (27) 

I I 

r ~ s (J } a 1, n y \y~ i . /n ''” V_L ' 

Kp.v.yJ 


X WjV~ 1 ' 

-(2S) 

-(*)■ 


’ * (:::)■ 

i.e. r-,X^y-. . . . (Ml) 

Ifonco tho iHothormal expansion ratio <lv'| m-iliIk 
upon both tho total expansion ratio utnl I Im 
tomporaturo limits. As r in iintitvponily 
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greater than J, X must always bo taken greater 
than (T/t) l '^ y ~ 

And ns by equation (150) p-Xfr, wo liavo by 

(31) i_ 

o- GT 1 - ■ • • < 32 ) 

Tims the adiabatic expansion ratio depends 
only upon the tom porn turn limits. 'Bv aid of 
equations (30), (31), and (32) (he diagram can 
lie completely drawn when T, l, It, and one 
pressure, any p. t , arc given. Lastly, from 
equations (5) and (32) wo have 

Efficiency = 1 - Y . . (32') 

And thus, in tho Carnot cycle the oflieioney 
depends only upon the ratio of (adiabatic) 
eompi’cssion. 

§ (24) FtriiTiiKU CoNWxjUKNtiKS or run Equation 
J»’ n —Constant. —Tho external work demo when a 
gns expands from nn initial volume v a lo any other 
fv 

volume V being I jklv, if tho law coniiccting p 
J Vo 

mul v bo pt’ n "*p 0 v 0 n , p(lv~p<>Va n xv~"tl» and henna 
Ext. work doiio^/v'a" j v-"ilv ; 

‘r 0 

Hint is 

Ext. work -p 0 >'o n 


ii-n 1-1 • 


■ "o 


i -M| 1 J 

_ Pn»o" j 

1 — n V r" v a n J 

which reduces immediately to tho simplo form, 

Ext, workra-- 1 — {pr-p 0 i* 0 [. . . (33) 

I — 

As pi )«HT and p 0 v a *= ltT ni (Ids equation may also he 
written 

Ext. work-- -jfT-T*}. . . (34) 


This result shows that when a gas expands in accord- 
utioo with tho law p!)"=*oons(mit tho external work 
done is simply proportional to tho ohnngo of tornpom- 
luro of the gas. As the initial temperature is To, if 
m he greater than 1 the temperature falls during ox- 
pansion, whereas it n be less than I tho temperature 
rises ns the expansion proceeds. When »~1 equa¬ 
tion (34) assumes nn indolcrininalo form, hut lids 
is already known to ho tho isothermal case, and tho 
temperature ronminn constant during the expansion. 

To dclcrmiiio the hent exponded wo Imvo by aid 
of equation (13) 

it=/v„(T-ay -I- f l, 2>ih~k v ( t- ay -i- t.: 

,’Va 1 n ' 

as ll=k v {y- 1 ) this reduces to 

H ay J?- - To), (35) 

I — 7t J — W 


which sliows that tho heat exponded is also simply 
proportional to the ohnngo of temperature of tho 
working gn°, and tlm-t this expands with an appnront 
specific heat which is constant and equal to 
K~[y-nfl-n)k u ‘, K is negalivo for values of n 
between 1 and 7 and positive for nil other values of 11 . 


In Fig. 10 values of y— m/1 — n, f.c. of K jk v , arc 
plotted against values of n from «~(J to 11 -=2. 

When h= 0, K=i' p i when m~ 1, K—co, mid the 
exfiatmion is isothermal; w hen u --= 1(7 ! I), K -= - k v ; 
when n=y, K=0, and the expansion is adiabatic; 
mill when n is greater than 7 . K increases! witii n 



towards k v as a limit. TI 10 curve is a rout angular 
hyperbola with asymptotes an indicated in Fig. 10 , 

It is also lo he noted that, in expansion nf || M . j.ypo 

pv n lueiMiHlniik Die change of iiiterinil energy. 
I„(T-'iy, hears 11 emistanl rutin lo the external 
work done, |{/( I - w), (T- ’I',,). hV.r we have 

Inter mil energy elmngo f-„(l - it) I ■ ■ n 
Exleriml wurk done II '~y-~ 1" 1 

As (y~l) is always jiosiUVe, llin value of thin ml in 
is positive if n ho less than 1 , and negalivo if it he 
greater (him I. When 11 1, tlm value in /cm and 

the cxpniiHion isothermal; mul when n^y the vnluu 
is — 1 , mid (ho expansion is niliiilinlic. 

Tho adiuhaUu equation (2(1) is, of cinirsr, immedi¬ 
ately derived from equation (35) hy putting ll>.(l, 
Which obviously requires Mint y -11 simll vunfsli; tlius 

«=7 and the required equation isconstant, as 
alrendy shown. 

§ (25) Entjioi’y ofc' a Pkhekot (Uh. — In 
/'V 17 . 1] A, and A., tiro tiny two pointfl on a 



pv diagram indicating any two eonclitiumi 
(Jh> v v Tj, ftiul {p t , i' 2 , T a , (/) 2 ) respeolively 
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of unit mass of a perfect gas. It is required 
to express (</,., - 0 J jn terms of j> } , v„ ’J\, i' a , 
and T 2 . 

Through A, and A ; draw the isontrnpics 
(i.e. adiahaties) «,A, and A.,A a ; then (h - h) 
is known if JilUj'V can he calculated for any 
one path from any point on fl,A, to any point 
on a. i A 2 . This can lie immediately done if 
the path he of constant pressure, or constant 
volume, or constant temperature, and the 
results in eacli ease will ho identical, thus : 

(i.) Constant Pressure Path .—Through A, 
draw the constant pressure line A,A', mooting 
the isentropie u. 2 A 2 in A'. Let A (p,rT) he any 
intermediate point; then as Vi v llh v i~ T/T„ 
wo have i»=w l /T,{T), and hence dv = v l f\\(d '\'); 
thus 2h<l»=p t »J\\{(F[') = 1WT. 

Now by equations (£)) and (LI), expressing 
work-q nan lilies in heat-units, wo have 

or, ns p L dv - 1WT, 

U. h~h=b\ og e (qr)- • • (37) 

But, hy equation (21), as A' and A a are both on 
tho isentropio «,A a , ^ 

t- t 4 ) 1 ' 7 . 

henco (87) hcoomos ^ 

Oh ~ <l‘i)=kp h>g e (|‘) y , (38) 

which expresses tho diltoreneo of entropy 
sought in torms of the pressuro and tempera¬ 
ture at A t and A a . 

As p,«» 1 =ltT 1 , j) a n a ~ KT.„ wo liavo 

©-©©■ 

hence (38) hceomes 


(h “ ^i) ~/*'» Iog e ^ ~ y , . *30) 

whicJi expresses the diJIoronco of entropy in 
torms of the volume and temperature at A, 
and A a , 

-Eliia may ho somewhat simplified; for 
/■„ ~yk v i substituting thcroforo, oquation (30) 
becomes 

(h ~ <l> i) = log, (jjj) (~?) y !, (40) 

Or again,ns %/’l\ =p a v s /p,v lt equation (40) may 
ho written 

(h ~ I’i) log, ( —™ ), . (41) 

\pn\yJ 

h expresses tho dilTerence of entropy in 
3 of tho pressure and voluino at A t and A a . 
nations (38), (30), (40), (41) onablo the 


dilTerence of entropy between A, and A., to ho 
calculated when any two of the variables p, i>, 
T are known at each [joint, 

As along an adiahntie pi/is constant, if tho 
value of this constant bo denoted hy ft, 
equation (40) takes the simple form 

(h ~ h)-kv h >g t , (j~ ) - . , (42) 

(ii.) Constant Volume Put It .—Referring again 
to Fiy. 11 , consider the change of entropy is 
proceeding along the constant volume path 
AjA' between Urn two isentropics «,A nm | 
AyAy. 

In this case 0, and therefore pd» = 0, 
no external work being done, honeo wo liavo 

ih~<l>i)^hJ T "vj! —I'v log, (rjr). 

But A' and A a being on the same isentropio, 


and therefore 


and tluis 


©-©e 

(h - h) = log,; (h, ? ) (~) 

\‘i/ w 


y -1 


v- 1 , 


whioh is identical with aquation (40). 

(iii.) Constant Temperature Path, — Lastly, 
consider an isothermal pa th, as A,A' (Fiy. ] 1 ) 
between tho two iHontropioH. Then from 
equations (lb) and (lb'), we liavo at onoo 

As before, A' and A a being on tho samo iseu- 
tropic, wo liavo hy equation ( 22 ) 

i 

U ”1 


1 

IV- 1 . 


vY -1 


whoneo (>{/)’ 

and accordingly 

<*,-0.)=B1ob,(») (!{>)' 

that is, as lt=A tf (y-l), 

wliieli is equation (40) again, Tims, jmiceoding 
from A k to A a by the inter-isentropio paths of 
constant prcsmiro, constant volume, or constant 
tomporaturo, wo are in each case led to tho 
result that tho difference of entropy of A a and 
A i expressed by h v log, (/L//L), wliero ft 
is tho adiabatic constant pvY. 

§ (20) This Intjoknai, Combustion Enoinh 
“ Mixture."—A ll tho preceding relations arc 
strictly truo only for an ideal perfect gas, 
whioh may bo defined as n gas of whioh tho 
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absolute temperature is simply proportional 
to tlio value of the product pv. For all the 
ordinary “permanent” gases tlio difference 
between tlio actual volume, and tlio valuo of 
ItT Ip is so small that it is unnecessary to take 
it into account in investigations of tho 
performnneo of internal combustion engines; 
in all such investigations it is therefore usual 
to assume that the effective temperature of 
the working mixture of gases is given by tlio 
valuo of the expression puf R, with a suitable 
value assigned to tho constant R. C'nllendnr 
has staled 1 that the experimental ovidonco 
available indicates tho error of tliis assumption 
to be certainly less than 1 per cent for a mixture 
at 2001)° 0., tlio composition of tho mixturo 
being known. 

All internal combustion engines are essenti¬ 
ally air engines wherein the air is vory suddenly 
and vory intensely heated by causing ohcniical 
action to tako piano throughout its volumo; 
this is effected by “ carlnirctting ” tho air, 
i.e. by mixing it witii a relatively small 
quantity of some inflammable gas or vapour 
in order to produco an explosivo mixturo, 
anil igniting this explosive mixturo at a 
suitable instant. 

Before explosion the mixture consists of 
nir (usually somewhat moist;), onrhurottod with 
town’s gas, blast furnace gas, producer gas, 
“ fuel oil ” vapour, kerosene vapour, petrol 
vapour, benzol vapour, alcohol vapour, 
acotyleno, . ote. ole,, dependent upon tlio 
inflammable agent used, .and diluted to a 
varying dogreo with sonio of the exhaust 
products from tlio preceding eyolc j after 
complete combustion, and during tho working 
stroke, tho mixturo consists of nitrogen, steam, 
carbonic acid gns, and usually aomo oxecss 
oxygen. 

§ (27) C'Yor.rs or Intminaj, Combustion 
Enoinks.—T ho very numerous working oyolcs 
adopted, or suggested, ’ in aotunl in torn al 
combustion engines are conveniently classified 
according to tho condition in which tho work¬ 
ing substuneo receives its heat, thus wo havo : 

Class I. —Cycles of combustion at constant 
temperature. 

Class 11 .—Cycles of combustion at constant 
pressure. 

Glass 111 ,—Cycles of combustion at constant 
voluino. • 

§ (28) Or, a ms I.—Tho Carnot c.ycilo, already 
fully considered, typifies this class; all heat 
received is received at constant temperature T, 
and all heat rejected is rejected at somo 
constant lower temperature l. Tho oyclo is 
perfect, and therefore of maximum ollioioncy 
expressed by, (1 - f/T) ( vide also equation (32')), 

An indicator diagram drawn to scale for 
an engine working on this oyclo with air 
between 300° C. and 700° C. only is shewn 
1 Gaseous Explosions Committee, 1st Report, 1008. 


in Fig. 12. Although tho maximum pressure 
attained in the ease In Iren is about f»2b llm. per 
sq. in., the moan effective pressure in only about 
lli lhs. per sq. in., or loss than out; forty fi I lb 
of tho maximum pressure. The engine would 
necessarily lie designed to wifely withstand 
tho maxi mum pressure, mid would thus bo very 
heavy in relation to its power output. It 



has long been recognised, owing to Huh and 
other practical drawbacks, that tlio Canmt 
cycle is quifco unsuitable ns im iiel.ua! working 
oyclo, though within recent years its adopt ion 
was seriously proposed by Diesel 9 lint noon 
abandoned in favour of the now well-known 
constant pressure cycle Dually adopted in 
this type of engine. 

!} (20) Cl ,ash II. “ Constant 'Pressure*' 
Cycles .— In Ibis oIiihh urn inoludoil I ho 
Ainciieuu “Drayton” ouginn (1873), with 
Simon's modified design, mill also euginert 
of tho nimleni highly economical “Diesel” 
and “ Komi-Diesel ” types. 

Tho Drayton engino ineludcd a eum pressing 
pump and a working cylinder. Tlio olnirge of 
o m ini rotted nil*, taken in at atmospheric 
pressure, was first compressed by the pump 
an<l delivered into a receiver nfc a pressure 
of sinno 70 lhs. per sq. in. nlmvo atmuspliero ; 
from this receiver the working cylinder took 
its charge, the mixture being ignited on 
entering, inflammation of tho eon touts of (lie 
rccoivor being prevented by the interposition 
of a lino wiro-gauzo screen somewhat in tho 
manner of action of tho Davy minor'll wifely 
lamp, 

.During tlio first portion of tlio working 
atroko tho working cylinder thus received its 
mixturo in an ignited condition at a pressure 
nearly equal to that in tho rccoivor; at a 
Mutable instant an inlet valve out oil' com- 
mumention with llm recoivor, Iho working 
stroke being then completed by tho expansion 
of tho flaming mixture contained in (lie 
cylinder. At the end of tlio stroke the oxluumt 
vnlvo was opened, and during the return 
stroke the burnt gas wns oxpolled into tlio 
atmosphere, thus completing the eyolo. 

5 Tho national Ileal Motor, Kur. cih by Hpon. 
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A working impulse occurred in every 
revolution, i.e. in every alternate stroke, so 
tlmt the Rmyton engine worked an w liat is 
now' termed a “ two-stroke ” cycle; it will 
also be noted that in this engine the mode of 
ignition adopted increased not tho pressure 
but the volume of tho working mixture, the 
pressure in the working cylinder never quite 
equalling that in the receiver. 

The cycle comprised five operations, viz, ; 

(") Charging the pump with carl) u ret tod air. 

{/;) Compression of tho charge into tho 
receiver. 

(c) Admitting tho (ignited) compressed 
charge to tho working cylinder. 

{</) Expanding after ent-otf in tho working 
cylinder. 

(t) Expelling the burnt gas during the return 
(exhaust) stroke. 

The ideal diagram of such a cycle is drawn 
hy supposing no healing or throttling of the 
oliargo to occur during admission to tho 
pump; no loss of tho heat developed during 
compression into tho receiver; no throttling 
of tho el largo on entering the working cylindor; 
no loss of heat hy tho flnmo to tho working 
cylinder and piston ; no hack pressure during 
oxlmust; and complete expulsion of all the 
burnt gas at tho cud of oxliaust, which implies 
tho supposition of no elearunco in tho working 
cylinder. 

Though theso conditions cannot be actually 
attained, thoy may ho approximated to hy 
skilled design. 

The ideal diagram of tho limy ton typo of 
engine will therefore have the form 'shown in 
Fig. 13, and it is convenient to exhibit tho 


P 

100 -I 


Diagram of Brayton Engine 
with Coinjileio Expnnslon 
p. Com pare Fig.23 


cylinder at this pressure as indicated hy DR 
tho supply being cut oil at E; thence tho 
expansion is adiabatic, and it is first supposed 
that tliis expansion is continued until tho 
pressure lias fallen to that of the atmosphere, 
at E. During the return stroke the burnt 
products are exhausted as indicated by the 
lino EA, and the cycle is then complete. 

The area ABCJ.DA represents the work done 
hy the compressing pump on the working 
mixture, while the urea DREAD represents 
tho work done hy the mixture upon tho 
working piston. Tho difference, represented 
by tho area BORED, accordingly represents 
the useful work done hy the engine per cycle. 

The notation adopted is shown in Fig. !;)• 
the heat supplied is that corresponding to the 
line 01'’, during which tho working mixture 
increases its volume at constant pressure, 
irom v„ to !»,„ and is accordingly expressed hy 

H = /.’,.(T- („), . . , ( ( |3) 

wliilo tho heat rejected is that during tho 
constant pressure exhaust poriod JOB (regarded 
as compression at constant pressure), from 
volume v„ to volume v 0 , and is accordingly 
given hy h ,r 

h^Ar-l 0 ). . . . {U ) 

l !' 0 oflldonoy, being the ratio of usoful work 
done to heat supplied, is iiceordingly 11 -},/][, 
j.c. (1-A/1L), which, by equations (43) and 
(44), becomes 

Ellioionoy-l _ . , (,| C ) 

But the expansion .and compression curves 
being adiabatics, we have by (22) (Properly l) 


(4(1) 
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diagrams of the pump and of tho working 
pylhulor suporposod. 

- AB represents tho volmno of tho pump, 
AE that of the working cylinrtor; the oarbu- 
retted ehargo is drawn in by tho pump at 
atmospheric - pressure AB, and compressed 
ndiabalically along BC to tho rcceivor pressure 
of about 70 lbs. per sq, in. ubovo atmosphere, 
and then forced into tho rocoivor at this 
pressure as indicated by the lino CD, 

From tlio receiver it entovs tho working 


Vo 

and ns tlio working mixture obeys the law 
2>v - JIT, 

d„d 

Vo lo V 0 to 

anil honuo hy (4(1) 

T T' / qv 

. rrv 4-r 


Accordingly 


T-/„ T'-f„ 


lo lo ’ 

i.e. A 

I ~!o lo 

Thus, by equation (45) the ofTioiouey may ho 
simply expressed in tho form 

Effioionoy= (l - Q » (l--Ay. (,i 7) 

Honco when oxpansion is eon tinned clown to 
atmospheric (i.e. pump suction) pressure, tho 
ofllcioncy depends only upon the degreo of 
compression BO, 

Tlio oilioienoy may also bo expressed in 
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iurniH of tho eipiul ml. ion of adiabatio volume 
oliiuu'o j for if /i denotei* Iho ratio of ndialmlio 
ox]iniiHi<»i o t /v v , no tlmt denotes Mini; of 
udiubalioeompi'essiou (i> f /i\,) (by equation {‘1(f)), 
Ilium hy equation (22)-wo have 


A, » e \r- 

Vo n. 

wlmneo, by ('17), 


"0 

lllioimmy ■ 1 - 


in y 1 

; 

l\y-l 


(-IH) 


which oxprauip.s Iho oflieioimy in lot'imi of llio 
immpreMiiinn ratio ulouo, and has (.ho wutio 
form iih for a Carnot oyole. II, will ho observed 
that- Iho r.yelo in iiH/H.rfrrt, iih tho ellieienoy 
1 - T'/T in lUHioHHarily always Iona Ilian I • ■ tJ'V, 
§ (ilO) (!i.ahh II. [mil in lint).- -Aolually, it 
wmi fomul to ho inipmolioithli! to oonlimio tlm 
expansion i«i far Unit Mm prmmro at roloiisn 


‘Ji no 
£•10 


uo 


to 


O 


Dlnqrnm of Drayton Kii^liin 
O0< . 1 ' ,1 ) with Ini:nnl|ili!lR l<x|inti!iltm 
l.'oiH/iiird rig.24 
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M had fitIJfii to nlinonplmriii, mid aoeordiiq'ly 
tho ideal praotioahln Indioiilor diagram would 
ho mi .shown in Fiy. M. Tho ollieionoy in 
oloarly loan than in tho nano illuntmlod hy 
/’if/. Ill, mi, although tho heat reeoived nanaina 
iiiiolumj<odj tho wiiofiil work donn par oyelo 
ia now rialilord hy an amount ropreaenlod 
h.V Iho “too” of tho dia«mm (IKK. Ah 
I ndore, tho ollieionoy ia ox pressed hy I - A/ll, 
whom 11 ;/i'„(T - f c ). Tho total boat rnjooUai, 
//, in, Imwovor, now tho sum of Mint rejonled 
durinj' tho e<mutant votumo period II K, mid 
that rojoelnd during tho ooiiHtanl prenmmi 
poriod K II j thus, now 

h V lv {T fl - T') \ k P (T'~t lt ), . (■!») 

and amiiudiiif'ly (an y- ■■!•,,/!.'„), tho ollieientiy 
1 h tiiyon hy 

Mnioionoy,, i... C r »■: t ' ) 7 < T ' ln) . (up) 

Thiii expression doon not admit of mmplillen- 
tioH in terms of (ho toinperaliirea, 

Wo may Ihormodyimmioally ooiiNider (hat 
nil tho nation liikoH plaeo in a olomai working 
oylindoix u 01 biting tho oloanmoo volume 
initially 'Wind with a oliurgo of inixturo at 
pressure p a and temperature t 0 , llio volume 
swept through hy tlm working pinion lioing 
("«- i’c) pel' Htroko. 

Lot tlm total ospanuion ratio 0 ) ho 


denoted hy N ; I lie ox pit union ml in at riimdiiul- 
pri v .H.'iiim h,y a ; and I lie ad in I ml io nun 

preMsioii rutin liy l//». TJieo hy aiil of 

ta | nation a (12) and (*.!:!) it is easily found Ilia! 

T-1 (-W,. <''(*/,’)' X. 

mid f n /iy •/„. Whenee, hy mi I oil if ill ion in 
oi|ltn-lioll (fill), mid rodind inn, wo nlilain (Im 
lOSllll. 


D V - 1 

x i° y <Xfr) 1 V l (V 1 KX/y.) T 
i (.,. t)v 


(id) 


§(111) Till.; I>i i-:mi-;i, I'Imiini:. Tho oilier 
iiupnrtiuil. cyelo fallim; within ('hiss II. i:< Ihal 
of tho I liortol eni'ine in ilu presold form. An 
already Minted, § (2«S), ] lieael oiiijiunlly propoaeil 
to itao tlm Carnot nyeli*, Inti in a paper load 
liofom thci I’aria < 'impiv.aa in I UNOlie inmoiineeil 
llio oyelo linally adopled aflee os leaded ox peri- 
inont an enmpriiiiiij: Iho fnllmviiiK llvo opera* 
tin mi performed durinj' four nlrohea of I In* 
working pinion, (lie name vessel ni'liiq* idler* 
nahdy mt eompressioti pump and wnrldne 
oytiudi’i' (Fin. Id): 

(1) (lot iSlroho). Soo(ion of air al uliiio. 
U|dieriu pieaanre I.Is. 

(2) (2nd Slroko). Adiulmlio ooiupiva'iinn 
of I Ilia uir, Isl!. 

(it) (Uni Slioho ; Id rut I'm! ion), llopidnled 
iiilniinslon of the oarhiu.-ltinj- ai',.‘n( (Ihpiid 
or f/a si 'Oil a fuel) no as Io nminluio e.un'l mil 


In 9-V 



Mind Dlopram of Dlenid Hujpim 

Oiliiiemt* tij. ;m 


^. 

v*"V .* »**cn v |K (f\ 1*^.. r J 

*» *o ii i'sj V 


lor t lb. or Alt liuimt,, Vvlumn In On.l t, 
llOll'tinil i'IWU' tl.tAbi.} 

I'm. Ift. 


pioMsiiro duiihfl rood mat jon for a pnrli'Oi id 
tin* worhinp n(niho Cl 1 '. 

(■I) (ill'll Htroho! •Seeoiul I’oiliiui), Ciil ull 
of fool impply and iiiliiihntic ospanuion of Iho 
healed niixtiiio Co llio olid of Iln- niuldnp 
ntroho 1**11. 

(ii) (lilt Stl'olio). OjM'liilip of oshamd si iih 
imnirdiutn fall of pieimnre (mid lompoi.itoio) 
al. ooiialaiit volunio Ills, and »iil> sv-ijm*- iH 
oxpulsion of (In*. Innnl. pasos into llio nlim<> 
Hpluun during llio I'xlunist rdrola* Kl» 

Thin entiiploloa (he eyele ; || will lie olm rved 
that olio working ntroho only neumu in i-vi’iy 
four, mid llio oyelo is iieeoriliufi.h’ of (h,. 
11 four-ntroho ” type. 
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Prom Fig. 15 it is clear that the (irons 
representing work done on tho piston arc: 

During suction .... +LKNM 
Dining compression . . . -KCMN 

During working stroke . . . -f-MC'FHN 

During cxliaust .... -KLMN 


.*. Not useful work per cycle — +CFHICO 

TlierinodynamicaUy we may obviously 
consider that the same mass of air is constantly 
enclosed within the working cylinder, this 
being heated at constant pressure during Cl) 1 , 
and cooled at constant volume during IIK. 
Thus, iu the ideal case, tlio heat account is ns 
follows : 

Heat received = II = k p (T - 1 0 ). 

Heat rejected -h- &„(T a - T). 

Work dono = (H — A) = k„( T - t c ) ~ A„(T a - T). 
And tlieroforo 

<-> 

This is immediately deducihlo from equation 
(50), which is reduced to the Diosol cyelo by 
putting t 0 = T. 

Similarly, referring to equation (51), this 
reduces to the Diesol caso by putting X=/i; 
and thus wo Imvo for the Diesol eyclo : 

Effloio.wy = 1 - (1) r " 1 x k, (63) 

whore 1/p is the ratio of adiabatic compression 
( v J v e)> ind u is tho ratio of oxpansion at 
constant pressure (v„/v c ). 

This case includes also that of tlio numorous 
so-called “ somi-Diesol ” ongines, as, c.y., of 
the Potter, Blackstono, Ituston, etc., designs. 

As tho constant pressure expansion ratio, 
(r, is reduced towards tho value unity, the 
value of tho efficiency given by equation (Oil) 
continually approaches towards tho limiting 
vnluo l-(l/p) y-1 . 

Tbis conclusion of theory in apparently 
realised in practice. In Diosol ongines tho 
power is reduced by diminishing the extent 
of tho constant pressure expansion, t.c. by 
reducing cr; tlio following figures from tests 
made by Mr. Ado Clark show the indicated 
thermal efficiencies obtained: 


i i(migim;. 


in tlio 
gnu 

<< oil 

Hindu 
i lllll. of 
f lic find. 


§ (32) Class .1I I. Tho. “ ComUin l f V"""l ” 
Cycle. —In this class is included I ►>" 
largest number of actual internal ‘. UIK ' 1 " 1 ' 

engines, ranging from the early I “ r, ' l ‘ 
Hugon types to tlio modern Clerk t W< '-id rol 
and do Rochas, or Otto, four-strolc<? 

A very large proportion of tlio *»i lormoiui 
number of small internal comlmst.it »* 1 ciif-imm 
of tho present day are worked mi l h<« iHfn 
“four-stroke” eyclo, while the ( 
stroko eyclo is extensively adopt 
larger types of stationary gas digit mr*- 
The Lenoir lCngine. — In (,j 10 |,cii>»i' 
engine (1800)—now eomplotely .. I »J< >l'd 

account of its very low efficiency-.-t f»‘ ! 

of working was evidently inspired li.V 

the ordinary steam engine. During' V ---. 

portion of tho stroke the working |»inl*'" < 1J 
into the cylinder a ohurgo of coal gnH Jiml air 
at atmospliorio pressure; at an arm iuX< '* * ja'int 
a slido valve out off tho supply, mid nimiil- 
taneously the cliurgo within the' oyli*itl**r was 
ignited, tho tomporature (and count**j iioiilly 
tho pressure) suddenly rising grtuil-I.V 5 tlio 
working stroke was then complete** I I '.V Urn 
expansion of lids mass of heated hij?l i - | »nmnuru 
gas; during tho return stroke the ini rnt j'nucs 
wore exlimisted into the atnios|i>i<Unis 
completing tlio cycle. 

Further following tlio stcnin on/;in‘*. thin 
eyclo was caused to occur nlLortmlel.v *»n endi 
side of tho working piston, thus muhitiil Mio 
ongino “ double - acting ” ; thus n working 
impulso was obtained in ovory Htmlcd. Tho 

Diagram of Lenoir DC iiff I no 
witli Comptoto KK|miuiimi 
■ Compart Flu.20 
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Engluo. 

Revolutions 

per 

Mfnuto. 

Indicated Therein! Kmdcnny at 

t Load, 

J Loud. 

i Load. 

Full Loud. 

80 H.P. Diesel 

100 

■375 

- 1/2 


•3S9 

100 K.P. Diesel 

157 

•371 

•427 

•402 

•307 


povfeot ” class. 


cyelo is clearly of tho “ini- 


Lenoir ongino worked very quits! Iy and 
smoothly, but was abandoned on aittn'mnl of 
its very high consumption of gas in fikviiiu- 
of inoro economical (,y f 
Tho ideal diagram is h Ih>uii 
in Fig. 10, wherein it in mum. 
posed that the eyiint h-r I ms 
no clearance and t Imt thu 
expansion is onriiticl iUi f nr 
that tho presHiiro (lie 

oiul of tlio stroke fw (list of 
tho atmoaphore. Tho v« ilunm 
swept through per stroke by tlio piston in A |.;. 
during tho portion A I! the oarburetfcec 1 ( .] lai .^ 
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is drawn in at atmospheric pressure, doing work 
on Ilm piston represented by Ilm area (-AMMO. 
A|. 15 out-olf occurs, anil HintulUmoniiHly Mm 
charge is ignited, explosion (alias place, and 
1,1m pressure suddenly nans ns indicated by HI 1 ’. 
Tim heated charge limn expands ndinbuMc- 
nlly, along ib’IO, l.o ntmoHpImno pressure at Mm 
ond of Uio stroke M, doing a further amount 
of work on tlm piston represented by tlm 
aroa-l- MEEN ; at E tlm exhaust opens, and 
during tlm return Htroko tlm burnt charge 
in expelled into Mm , atmosphere, ncgalivo 
work Irning dorm upon tlm piston represented 
by tlm urea - KAON ; thin completes t lm cycle. 

Tlm work account in tlmrofom givnn by 
A M.MO i- SI l.'T’N - KAON or lib’IOIt; (him tlm 
iiHofnl work doim per cycle in represented by 
tlm mm Hl'TIU. 

Tlmrinodynaininally tlm notion Ih regarded 
oh taking place in a mass of air (regarded as a 
porfoot gas) nontniimd within a olosod cylinder 
having a okmmimo volnnm AH, and piston 
displacement volume HE. Initially, at R, Urn 
olnaratmn volume contains air at (p u »„l 0 ); 
heat iH Hiiddenly eomrminiontod, raising tlm 
pressure, at imohanged volume, to p c ; 
adiahatio ex]mnsion Hum oeeurs to K; and 
during tlm return stroke heat is abstraoled 
from the air at eoustant pressure from volume 
v 0 to volume r 0 , in this ideal ease we have 
therefore 

] lent received 1L ■ k -- /•„), 

Heat rejected - h ■ /j„(T'-f„), 

Useful work done 

«<H -/,)^k v (T~l ll )~KO u -io). 

Elliuioney - l - ^ = • 1 - k t ,(T ~t 0 )/I: v (\! -- l {l ), 

i.fi. lillloionoy ™ 1 - y 1, ~!°- . (HI) 

.1. “ 10 


'.L’liiii result may lie otherwise expressed in llireo 
ways j for by eipiallcui (12) {T// u )»-(p P /p„)«->l[- tlm 
ratio of maximum to ulnmsplierlo pressure, while 
(T'/fo) ■ (r’,./ i’o) ■-■■■■ p, the rut io of iiilialiutio expiumloa. 
J lenco (fi t) may bo written 

IillkiIoiiey«]-'y|j- ! j|. . . (fifi) 

Again, by cipiation (22) 


U.’ 

us l 1 ' pl 0 . 





Hence (fi‘i) muy also bu written 


Ktlioionoy “I - y- ■ • (fid) 

Lastly, mi /fV r -*('lV , <»)« cipiation (fid) becomes, in 
(cram of (lie ratio of Hie explosion tempi'nil mo (o 
tlm initial lenipeiiilme, 

Kni,,ta,y,.i-/[W' ) , E 1 .. ■ (r.7) 

In general it was not found pruuticulilo to coatiuiio 
the expansion until ntmosplicrio presmiru was 
rouelieil, (lie more usual case being dial la whhtli 
(lie presmire at tlm eml of the stroke exceeded that 
of Mm atmosphere. The ideal diagram in (bin case 


is shown in Pig, 17; and it is eliur dial Ibr In-ul 

m'oivcd, II, is tlm name ns in She pmeding ... 

viz. II' /E„(T /„}; Ilm heat leji'i-teil, It, is, however, 
now tlm sum of (hat during die eniistiiiit volume 
ilmp UK, and Hie conahiiil |nr;«ure iiJirinkuy.e KM, 
mid (bus 


h- /v(T^-T') IM'I” '.A 


Kllluicniiy I 


Kllioteni'V : • I 


1 — A/ll, 

io <'xpi'i--si 

<1 by 

M’lV 

I") 

1 I-,.(T 

' la) 


/...<• 1* 

M 


C'a 

*n i 

■>(T' 



(T 




m 


Denote, ns before, Hie ratio of mini Imdn expansion 
by /i. mnl lln* ridlo of I'viiln-iitui piessine t" 
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iiliuosphcrln pleasure by II. 'I’liru T ll/„; T'- j>f„i 
ond by eipiidion (22) iy T(iy/»)Y * • ll(!//*)>' 

Aw <on li ugly «'I|Uii(hih (i»N) may also lie uilMtn 

Ktllricaiiy- ’ 1 W ^ M 


or again, in (ernni of (In* raliu (T/f„) only, 


Kiiii'iincy..i —"C/a - . Ci ' «'■. "t 

l .1 //,,) •- I 


wlii'U '.t'a' '.r, 11( 1//>)V■'* i/i.nml i-«piul{un (fill) lio n 
reilueeii Inclination (fifi). Ainu an Jl • -'Vjl„ • 'yd' alien 
1*5‘-"T’, equation (mi) then rhIuccs (o eipndlon (fiV). 
Tlm olllclcimy is clearly Iran In Ibis I boil In Ihn piv< 
ceding ease, iiinee. wllb (be same exjurnliliiio of la id. 
Ilm useful work area is lean by I lm an a mat Kill-!, ilm* 
to tlm incomplete expansion, 


§ (!W) Cj.ANrt JIL (mnUntwt), (i.) 77m 

Free P-i.itnH ttii{ji/i<>, .Tim Imnnlr typo nf 

engine was aupeiwdrd by a singular design 
originally proponed by Jhmiitidi mid Mnllueei 
(IH57), l»ut. first lonilnroil praetienlilo by Otto 
and Jaingen in t heir “ Kreo I’int.m Enifiim " 
of 18(17. Tliia eosenliuliy eoiii|iiiaed a very 
long vnrUoid e.ylirider lilted with a heavy 
free, piston liem-alb wliieh a elimge i>( 
curl in re tied air wan exploih'i!, driving Ilm 
pisl<m upwards us a projectile in driven fmin a 
gun; Llie heavy pinion uui|uiivd enusirleinbEi.i 
iiinmontiun, and uniiliminl its upwind nmliou 
ujitil Mm working mixture bad expanded t■ • 
about nix times its original vnliune mnl to 
a prossum eensidembly below that, of (lm 
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atmosphere. During its descent by gravity, 
find excess atmospheric pressure upon its 
upper surface, it engaged with, and drove, 
the crank-shaft through a ratchet and pawl 
device. The engine was excessively noisy 
and mechanically unsatisfactory, but the 
rapid and extended expansion, and auhserpicnfc 
slower cooling, of the working mixture 
resulted in a considerably increased oflieicney 
compared with earlier tj'pcs. 

An ideal diagram is shown in Fig. 18; 
the charge of oarburetted air at atmospheric 
pressure p 0 and temperature l 0 is drawn into 
(ho cylinder as indicated by Alt, and exploded 
at constant volume v u (=AB), its pressure 
vising to p e and temperature to T as indicated 
by UP; tlio piston immediately rises rapidly, 
the charge expanding adiabatieally to .10 when 
the piston momentarily slops. The downward 
(working) stroke now follows under the com¬ 
bined notion of gravity and excess atmospheric 


P 
no- 
100. 
» D 
^00 


a no-I 


S- 10 : 
* 3D 1/ 
$7 

o; 

o 


Ffa.v.r.) 


Diagram of Otto & Laagen 
Frco Piston Eogiao 
with Complete Expansion 
Cowiwnro Fig,27 


Vo'V 

,. . _ ttm oiphtr l e lint __ 

-Iso thatm I Corner, m/om 

Aillobntlo Expansion 
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pressure, tlio mixture boing compressed 
isot/iennallj / from JO to B—duo to tho slowness 
of tho working stroko, and finally expelled 
at constant pressure as indicated by BA. 
As beforo, the useful work done is represented 
by tho area BPEB; clearly also tho heat 
supplied, If, is expressed by 11= /•„('(.' -t 0 ), 
whilo tho heat rejected, h, is given by 
h—lil 0 log,f, whore r is the ratio of isothermal 
compression («><,); vide § (18). 


Ilonco tlio oflicionoy = 1 - ~ 
i.c. us li = k» — k,„ 


h Rfo Iog e r 


H Rv-ioY 


Efficiency -1 - . (01) 

This may bo further simplified and expressed in 
tormn of tho rnfio {'I'//„) only; for by equation (22) 

( v o/ v o ) y ~ 1 “(T IQ, and (y-1) bg e r=iog t . (T/U. 

a ml accordingly cquulion (OX) reduces to 

• • m 

cssca tlio ideal maximum ortloionoy of 
Ins typo. 


(ii.) The lieau dc Bnchitn, or Olio, and 
the Clerk Cycles. — Finally there remain to 
he considered engines working upon the 
Beau do Rochas, or Otto, “ four - slroke,” 
and tho (Jlork “ two - stroko ” cycles, which 
may lie considered to include between them 
all internal combustion engines of tho present 
day. In nil those engines combustion 
is caused to occur at constant volume 
with previous compression of the working 
charge, b 

§ (34) Tun Gi,hkk Cvcm:.—T ho first ease 
to lio taken is that in which — as in the 
Clerk oyclo — tho ongino comprises a com¬ 
pression pump and separate working cylinder, 
tho com pressing pump taking in 'a car- 
hiiretted charge at atmospheric pressure and 
temperate ro and compressing this either 
directly into tlio combustion chamber of tho 
working oylindor, or into an intermediate 
receiver from which tho working cylinder in 
turn takes its compressed charge, which is then 
ignited (oxplodod) at constant volume, and 
performs tho working stroke by its subsequent 
expansion. 

Six separate operations may bo hero dis¬ 
tinguished, viz. : 

0) Emnp suction—Charging tho pump 
with carburottod air. 

(2) Tump Compression—Compressing (he 
charge into the receiver, or combustion 
chamber of working oylindor. 

(8) .Supply of compressed charge from 
receiver to working oylindor, when receiver 
is included. 

(4) Explosion of charge at constant volume 
ill working cylinder. 

(f>) Expansion of exploded charge during 
working stroke. 

((() Expulsion of exhaust gases at tlio end 
of the working stroke. 

In considering an ideal diagram for this 
case the following assumptions arc made : 

(1) That tho charge is compressed adia- 
batioally, 

(2) Ihuli none of tho heat, of compression 
is lost in tho receiver. 

(3) That tlio chnrgo is neither heated nor 
cooled on entering tho combustion chamber of 
the working cylinder. 

(4) That tho explosion occurs instantane¬ 
ously, and without any loss of heat to tho 
walls of tlio com bastion chain bar. 

(r>) That the expansion during tlio working 
stroko is adiabatic, i.c. Unit no heat exchange 
takes place with the oylindor walls, or piston 
crown, during expansion. 

(0) That there are no losses by throttling 
or back pressure. 

, A, ‘ i<loil1 diagram embodying theso nsmmip- 
Lons is shown in Fig. R), wherein it is also 
supposed that tlio expansion is continued so 
far that tho pressure has fallen to that of 
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tlu) atmosphere— a condition not praoti- 
cally uttainablo, and also tlmt tlio working 
cylinder has no clearance; thus Lho pump 
volmno is AT!, and tho working cylindor 
volume AM. 

.Ouring tho pump suction ufcroko n volmno of 
cfti'lmroUoi! air is taken in at atmospheric 
pressure and temperature represented by AH, 
doing work -1-OA.BK upon the pump piston. 


Clerk Cycle Diagram 
Complete Expansion 
Compart Fig.28 



. - M 10 K 20 SO 

For 110. of Ah botwoon Vo hi DIO In Cll.Ft. 

SOO and 2000 C. (Abs.) 

Ji'lG. 11). 

This is next compressed ndiftbaticnlly along 
JiO and delivered into tho receiver at tlio 
constant pressure p t along CQ; thus tho 
pump diagram is -OKBOQO. 

Tho clou-go next outers tlio cylinder along 
QU, doing work -I- OQOiU upon tho working 
piston, and is then exploded at constant 
volmno ))„, tho pressure instantly rising ns 
iiidioutotl by CF, with subsequent adiabatic 
, expansion FE, to atmospheric pressure at E, 
doing work upon tho piston represented by 
-I- MFENM, At 10 the oxhaust opens and tho 
burnt gases are expelled at atmospheric pres¬ 
sure 2>o> doing work ropresonted by - EAON; 
tliis complotos tlio oyejo, 

Tlio work account is thcrofero 

-I- OA11K - OKBCQO + OQCM 

+ MFENM - EAON = -I- BCEE.13, 

and thus tlio useful work dono por oyolo is 
represented by tho enclosed area BCFEB. 

Thennotlymvmkadly tlio wholo action may 
bo ooneoived as taking place in a closed 
cylinder of okmraueo volume AL, LE being 
tlio volmno swopt through by tlio piston. 
Commencing at the point C, heat H is added 
to tlio charge to an amount givon by tho ccpia- 
tion ~t g ); during expansion tlioro is 

no communication of heat; during exhaust 
from E to 13 heat, /;, is rejected, givon by 
h=k p ('y.'-l 0 )-, .while during compression BO 
tlioro is no communication of boat. 

^ Monco tho efficiency, 1 - hjli, is, expressed 

EITicionoy =1 - = 1 - %ji (03) 

Tho efficiency may also bo ox pressed in terms 


of T, t n , and tho ratio of mlinhiitiu compression 
\jf—(v c jv 0 ). For, liy equation (22), 

J 


l„ 


mid 

lint also 

whence 
Thus (fili) may bo written 


=/>V“ J /_ , 
\y-i 


*-erv* 


1— 1/y /iji\ J/y 


15flicicuoy= 1 — y— 


© ,r (D 


(<it> 


ab p~(tc!t 0 ) 1( y~ s , nmi it 

follows Hint 


m 




which expresses the relation between tlio teinpiwnlnres 
at lho four ooiners of tho diagram. 

If, iih in previous oases, the total expansion ratio 
( v eh’o) bo denoted by X, then 

' »-($’-w-*. 

Ht)>~ 


wbonco 
Hence, an 




we have, oumilistiliiliiig in equation ((III) mid red lining, 
tho expression for lho ofi'umimiy in terniMof tlio total 
expansion and adiabatic compression ratios alone. 


IClIloicnoy *=» 1 - 




As fi approaoh«i X in value this expression continually 
approximates to 1 —(1 /())*“■*■ ns n limiting value, 

§ (3fi) Tura Cr.Kmc Gy(ji,h with Inoomit.kti) 
Expansion.—A ctually it has nut been found 
practicable to aontinuo tho expansion so far 
that tho pressure falls to that of tlio nfcmo- 
sphoro; tho noxb enHo for coiiHidomtion, 
thoroforo, is that in which tlio pressure at 
tlio end of expansion oxocods that of tlio 
atmosphere. 

An ideal diagram is shown in Fiy. 20 j 
as before, tho iiout supplied is il^J,: v (T ~t c ), 
while tho lioat rejected is now given by 

-!■ /'„(T' ~l 0 ). 

Ifenco tho oiTicionoy, 1 -A/I I, in given by 

Enicioncy = l - (~ a ~~ j. / (57 \ 

-I ~ to 

AsT a =T(l/X)y~ l, l e ~i oP y 1, and T' =<X/,.)f (W 



28G 


ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 


wo have on substitution and rearrangement 
from equation (<>7) 


Efficiency = I - 


(Tlt 0 )X'-y + (y-\)(X!r)-y 
<T/ to)-pV- L 

(G8) 


when T 2 = T', (T// a ) — N'7p, and ((58) then re¬ 
duces to tlio previous case, yi/.. equation ((id). 



Clerk Cycle Diagram 
Incomplete Expansion 
Comparo Fig,20 


For 11b, of Air boluican l/oltimo III Cl/.Ft, 
300° anil 2000° C. (Aba.) 

J?1U. 20. 


§ (3(1) Tun Beau dm Roouas, oh Otto, 
Ovoi.h. —The last and most important of 
all oycles of internal combustion engines 
is the “constant volume” oyclo first pro¬ 
posed by Beau do Rochas in 18(52, and 
practically realised by Dr. Olto in his 
famous “Otto Silent” "gas engine” of 
187(5. 

In this oyolo there is no soparato compressing 
pump, its function boing discharged by tlio 
working cylinder itself. Tlio scquonco of 
operations is ns follows, "strolco” referring 
to that of tho working piston : 

(1) Suction of carliurotted charge of air 
during tlio whole of tho first ont-stmko. 

(2) Compression of tlio charge into the 
combustion chamber of the cylinder during 
the whole of tlio first in-stroke. 

(3) Explosion of oluirgo at end of first 
in-stroko. 

(t) Expansion of honied charge during tho 
whole of the second out-stroke ; this is the 
“ working stroke.” 

(e) Exhaust of tho burnt gases into the 
atmosphere during tlio whole of tho second 
in-stroko. 

Tims tho cycle requires for its per¬ 
formance four consecutive strokes of the 
working piston, whoneo tho term “four- 
stroke ” oyclo j and only one working impulse 
is obtained for each two revolutions of the 
crank-shaft. 

An ideal diagram is shown in Fig. 21. 
During tho first out-stroke the piston draws in 
tho ohnrgo at atmospheric pressure, along LK, 
work being dono on the piston ropresontud by 
tho area +MLKN. During Lho return stroke 
the volumo AK is adiabatioally compressed 
along KG to Q,C, tho work dono being repre¬ 
sented by -NKCMN. 


Explosion is caused to occur at 0, and tlio 
pressure instantly rises, at constant volume, 
as indicated by CG; during tlio second 
out-stroke the healed gases expand adiabatic- 
ally along EH, dying work on the piston repre¬ 
sented by -l iMFMNM, and at II. the exhaust 
is opened to tlio atmosphere causing instant 
drop of pressure at constant volume MIC. 
During lho second in-stroke tlio burnt gases aro 
expelled along KG into the atmosphere, 
work being dono represented by - NK.LM; 
this completes tho cycle. . Tlio work account 
is therefore 

-I- MLKN - NKCMNH- MFHNM 

- NKLM = -I- CFHKC; 

thus Ch’JlKO represents the useful work dono 
per cycle. 

Thermodynamically tlio action may ho 
conceived ns taking place in the same mass of 
air always enclosed in the working cylinder, 
and subjected to tho operations indicated by 
ICC, GE, E.li, and MIC; thus the heat received 
is H = &„('!' - l e ) • while the heat rejected is 
h = k v ('\\-l 0 ). Hence tho efficiency, 1-4/11, 
is given by the equation 

Efficiency --1 - Tp ~-yL . - (09) 

This may bo simplified ami expressed in two other 
important ways. For by equation (12) mid §(22) 



1’rop, 2, wo have 'T 2 // 0 p e /p 0 « V/p 0 ^ T// c . 
I lenoe („//„ «T 8 /T, and iiIbciT 0 - /„/T - t B *»( 0 fi g FI'JT. 
Acoonlingly 

Efficiently** 1 - . . . ( 7 ()) 

ami tliiis in (his oyclo the cffieiency depends, in (lio 
ideal case, only upon the ratio of the absolute 
temperatures at Hie beginning mid end of ciniiprossion, 
ami is independent of the explosion tempcmturc. 
Obviously (70) may also lie written 

Efficiency °= i - (T 2 /T), 

which expresses it in terms of (lie ratio of absolnto 
temperatures at the beginning and end of oxpan- 
"ion; it is obvious that the uyole is “ Imperfect." 
Tho second imperlant simpllllcution of (( 10 ) is 
the expression for tlio elllaienoy in terms of tho 
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(adiabatic,) ratio of compression (1/p). Wo have 
by cqualum (22) 

©-GT-GT' 

lienee by (70) 

Efficiency- 1— 0 V \ . . (71) 

allowing that in Uio ideal Otto oyclo tho efficiency 
depends upon (ho compression ratio alone. 

§ (87) Eb'i’tciKNOY FoitMm.AU.--0n compar¬ 
ing equations (82'), {48), and (71) tlto intorest- 
ing fact emerges (first pointed out by Cftllcndar) 
that in tho Hirers typionl ideal cycles of constant 
temperature, constant pressure, and constant 
volume, tho efficiency is expressed by tlio 
samo formula, viz. 

Efficiency = 1 - ^ 7 \ . (71) 

whore (1/p) is tho ratio of adiabatic compres¬ 
sion) and is thus tho same, for tho same value 
of p» in till threo eases. 

It must bo romomhered, however, that in 
tho constant temperature (Carnot) cycle tho 
adiabatio 'compression raises tho temperature 
of tho working substance through tho whole 
range from tho lowest to the highest between 
which tho engine works, whonco in this enso 
tho value of tho efficiency is an absolute 
maximum, as has been shown. In the other 
two oases the adiabatio compression docs not 
raise tho substance from tho lowest to tho 
highest temperature, and tho expression for 
tho efficiency has a value necessarily less than 
in tho Carnot oaso, though a maximum in 
each case for tho particular cyolo considered ; 
theso are, therefore, “ imperfect ” oyolcs in 
tho House ns explained in § (2) supra. 

In tho constant temperature oyclo all heat 
jh received and rejected at constant tempera¬ 
ture ; in the cycles of constant pressure and 
constant volume heat is rcccivocl at rising, 
and rejected at falling, temperature; also in 
tho Carnot and Drayton oyolcs tho expansion 
is “ complete,” which is not tho case in tho 
Otto cycle. Examination of equations (Cl), 
(C8), and ((1(5) shows tho munnor in which tho 
value of tho efficiency is further diminished by 
changes in tho cycles imposed by practical 
considerations. 

§ (118) ThMPKKATUUE - ENTROPY DIAGRAMS 
oc T veto at. Cyot.ks.—I n Figs. 22-29 are 
shown T -- 1 /> diagrams for the typical oyolcs 
of Classes I., II., and III., togothor with 
actual numerical values of maximum efficiency 
for uniform upper mid lower absolute tem¬ 
perature limits assumed at 2000° C. and 
300° 0. respectively. Fig. 22 shows the T - </» 
diagram for tho constant tomporaturo Carnot 
cycle; as already pointed out (vide Fig. O'and 
text) this takes tho form of a rectangle, and 
the efficiency—which is independent of tho 


breadth of the rectangle—is here an absolute 
maximum in vnltio of 1 -300/2000-0-8/5. 

§ (39) The Drayton Engine. — Fig. 23 
shows tho T - </> diagram of tho constant 
pressure cyclo of tho Drayton engine, with 
complete expansion, ns described in § (29) and 
Fig. 13. Tho entropy along the adiabatio 


T 
2000 


T-ifi Diagram for" Caiislant Tempi'(CarnoO Cyclo 
Compara Figs. 9 & 12 


c.1000 

s 


s 

3/f 


Isothermal Expansion at T 
T-1000'C.: t = 30n‘C. (Aiis. I 

Efjlohnou-~^ 0 !ie 


Isothermal Compraiilonat t. 


+ OI +0-2 +0-3 

Entropy from <j> a 
ll'IQ. 22. 


+ o 


•4 <f> 


compression is taken ns an arbitrary zero; 
thus on any vortical, as All in Fig. 23, take 
tho point D at tho 309° C. level. Then, by 
aid of equation (21), t„-(p c lp B )y- */y, and 
taking p t — 70 fits. ]ier sq. in, and p u ~ 14*7 Urn. 
por sq. in., determines f e = 'l(18“ C. ; this gives 
tho point C on MI and thus determines DO, 
tho isoiilropio enrrosponding to tho adiabatio 
compression of Fig. 13. Through C draw tho 
curvo whoso equation is $-!:■„ log, (//(,.) (see 
equation (38)), and lot this cut a horizontal 


T-<t> Diagram of "constant Prcssiiro'^nrayton) Cyclo 
with Complete Rxpanalon, Compare Fig, 13 



through 2000° C. in If j then OF on Fig. 23 re¬ 
presents tho constant pressure expansion line 
of Fig. 13. Through F draw a vortical meeting 
the dirvo </> = £,, leg, (!//„) in E; then FE is 
tho isontropic corresponding to the adiabatio 
expansion lino in Fig. 13, whilo tho curvo ED 
represents tho constant pressure compression 
of Fig. 13. 

Agreeably with equation (10) (sco also Fig. 5) 
tho efficiency in this case is expressed by tho 
ratio Area DCFE/Area MCFN, which, by direct 
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planimetric measurement—as may be verified 
by calculation from equation (-to)—has liero 
the value 0-30. 

The corresptaiding Carnot engine would take 
in heat MT FN, and reject heat N3BJI, with 
corresponding elliciency of 0-85. The Bray ton 
engine takes in the smaller quantity of heat 
MOFN and rejects tho larger quantity NEBM, 
with resultant reduction in tho vaiuo of its 
elliciency to 0*30. 

§ (40) Thu Buayton Enoink wmr Incom- 
rLKTR Expansion.-— FiV/. 24 shows tho T-</> 
diagram of tho Bray ton engine with incomplete 


T-<p Dlngrnin af‘'Coiistnnt Pro.s5ni-<i"(Br.-iytoii> Cyclo 
with Incomplete expansion. Compart Fig,11 



expansion, as show; in tiro pv diagram, Fiy. 
14. Tho tomporaturo T* at roloaso R is takon 
ns 1450° C,, and tho drop of pressuro HK at 
constant volume in Fiy. 14 is represented on 
the T -({, diagram by tho ourved lino HK 
oalcuiftted from tho equation ip=k„ log, (T 2 /<). 

Fig. 24 differs from Fig. 23 only in tho 
useful heat area being roducod by tho amount 
EII.K, which thus represents, in tills ease, tho 
logs caused by incomplete expansion, and 
reduces the e/Iicioney from 0-3(1 to 0-33. 

§ (41) Tub Dn-sur, Enoink. —The T - </, 
diagram of the Diesel engine is given in 


T-<fi Dlnffinm for "Constant Pressure" (Diesel) Cyclo 


Compuro Fig.15 


is assumed at tho value usual’ i*» prnoiiim, 
viz. 500 Ibs, ]>or sq. in., and T = 2tKKJ " * '■ 

Thon by equation (21) 

L= (Vc/Po ) 1 ~ 1 ft x T v ~ a:ia » < ; 

thus tlio points K and O may- Iks tlot* m‘m lined, 
and KC on Fig. 25 is then (fin oilropio 
corresponding to tho adiabatic oin])J |I, ' flfl '" 11 
Fig. 15. 

Through 0 tho eurvo </, ^ £ - |na e Vi ft) *" 
next drawn, outting a horizontal l through 
2000° 0. at F, while through |>^ (,1ns onrvn 

< P=k v log, (tj T') is drawn outtingr tt vi'ilidil 
through F in If, Thou FH i» (|m j m 1 -! limpid 
corresponding to the adiabatic oxjmi n^i* >i i, mill 
HK corresponds to the ooiud.iiTib Viduino 
proftsuro drop at rolense of Fiy. j a. 

For tho ofiloioncy in this case, ei(.]ii'i‘ by nnl- 
dilation from equation (52) or hy tiii(s«s 1, nn*i»nmo* 
incut from tho diagram of the mlio, wo havn for 
tho Area KCFllK/Area MOFNiM. tho vnhm 0-55, 
§(42) Tub Lbnoik Enuinh.—I n /-’/*</• 2(1 in 

shown tho T -</> diagram of tho n<> w mil hvly 
oitsoloto Class III. Lenoir engines, with coin, 
ploto oxpansion, wlsoso pv diagram in nhmvu 
in Fig. Id. Tho diagram is ooiml-rii(di a <l by 
taking tho point B at 3(10” 0. on any veilii-til 
and drawing through this point tins mirvn 
<p-k v log, (l/t a ) outting a horizon In U t hrough 
2000° 0. in if • thus Bit’ ]-(sf»i'<*Hoi» In (ho 



FIU. 20. 



constant volume pressuro inorouso dm* to (ho 
explosion (Fiy. 10). Through F dims a 

vortical, and through B <lrq,w tho cmv.i 
</>=k„ log, (ljt 0 ) mooting this vorticnifc in E ■ 
thon tho isentropio FJO oorrospomlw \hv 

period of udifthatio expansion, anil tlio onrvu 
EB to tho constant pressure eomprc-T-tnitni 
Fiy, 10; the point E obviously gi vi.h p,,, 
tomporaturo T', boro 1102” O., 'as inny lie 

vorifieil hy direct oaloulnlion. 


]3moionoy= x ^BFE 

J Aiea MBFNM 


SO. 


Fid. 20. 

Fiy. 25. Initially (see Fig. 15) T'-300° C., 
p 0 =atmosphorio pressuro (14*7 lbs.), while p e 


as may also bo dotonninod Isy oquuti* »u (Ct |) 
Tho dotted lino I IK on Fiy. 20 i„ t j l(1 
modification in tlio T’-</> diagmm d,u» , (J 
mcomploto expansion (compare Fiy. XV), (ho 
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temperature at release H is assumed at 
.1400° C!., and tlx; curve 111C id plotted from the 
equation <,'i — k v log e (1400/1) where </> is the 
defect of entropy below that of 11, viz. 04121, 
The cflicioney, being the value of the ratio 
Area B PH KB/Area. iUBPNM, is now reduced 
to O’25. 

§ (43) Bum: Piston Eniune,—T he ideal 
T - <f> diagram of the Otto anti Langcn free 
piston engine is shown in Fig. 27, with which 
Fig. 18 may he compared. The initial point, 
is B at 300° 0. and tho explosion raises 
the temperature, at constant volume, to 2000° 
C. ; this is represented on tho diagram by 
tho curvo BP, plottcil from tho equation 
</>~k v log, (l/l u ), cutting a horizontal through 
2000° 0. in F. Tho vertical PE is the ison- 
tropic corrosponding to the subsequent adia¬ 
batic expansion during tho riso of tlio heavy 
free piston, while tho horizontal lino Ell 
represents thu isothermal compression of 
tho gases during the working down-stroke. 
The ollieicnuy, either by direct measurement 


T-ifi Diagram of “constant Volume"! Urea Piston) Engine 



from the diagram of tho value of tho ratio 
Area BFEB/Aroa MBBNM, or by calculation 
from equation (02), lias hero tho relatively high 
value OdiO; comparison with the previous 
diagram (Fig. 20) clearly shows tho manner in 
which tho eillciotioy is increased in value ns n 
result of the compression being isothermal 
instead of at constant pressure. 

§ (44-) Canine E no ink. ---The T-0 diagram 
for the Clerk constant-volume cycle, both with 
oomplote and incomplete expansion, is shown 
in Fig. 28 ; compare Figs. 19 and 20. 'I’ho 
initial point B is at 800° 0, and tho compression 
tomporaturo <„ is assumed at 500° 0. ; thus 
B0 is tho ison tropic of adiabatic compression. 

Tho curve CP representing riso of tem- 
poraturo nb constant volume ( i.e . explosion) 
is next plotted from tho adiabatic equation 
Inge (1/500), and by its intersection with 
a horizontal through 2000° C. determines 
P; a vertical through If then moots tho 
curve */>~k v log c (1/300) at E, and PE is then 
tlio i sen tropic of adiabatic expansion, while 


EB represents the operation of compirsision nl. 
constant pressure. 

When the expansion is inconiplele, assuming 
Unit at release the temperature in 1 (HUP ( 
the curvo UK, plotted from I ho equation 

T-2000'o.: t 0 =aoo‘c.(Ai'i.) 

tttMmag- 



0-236-f=*fr p log,, (UK)O/l), i» Uin T- ,/, lino 
corresponding to the pressure drop at ml emir, 
with corresponding loss of useful work-lieat 
represented by tho urea Ell K. 

By measuranent from (ho diiigram of the 
ratio Area B(JFK 11/Area AKJFNM, or by onion- 
Inlion from equation ((13), tlio efficiency n ilh I lie 
data HHHiimcd, wlien the expansion in complete, 
will be found to have tlio value b-52. In till; 
ease, as taken, of incomplete expansion, llie 
oftioioncy is reduced in value to 0-1H. 

§ (45) Otto Enuink.—J u Fig. 29 in nlmwn 
tlio T ~tf) diagram of the “OWii" or “ Mi-uii 
do Rochas” oyole, of which the pr ding rain 

T-<f> Dln^rnm or‘‘Coiitilniil Vokimo"(0tl<>) Cycln 



is given in Fig. 21. As before, tlio initial 
point K is taken, on any vortical, at 3<)l>" (J, { 
tho tomporaturo of compression, f cl in uoHiitncid 
at (500° f!. ; lionce the vortionl lino Kt! is the 
isontropin of adiabatic conipreasion. 

From (J the curve <f>k „ log, (i/1191 1 ) in next, 
plottcil, outting u horizon till through 2IU1U" l\ 

o 


\ 


von, i 
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in F; I,lion tho curve CF ropresents the 
increase of entropy (luring the explosion. 
Through F ft vertical is drawn intersecting the 
curve $=k v log, (Z/300) in II; then FH is tho 
isentropic of adiabatic expansion, and tho 
curve TIK corresponds to tho drop of pressure 
ftt constant volume which occurs at rolea.se. 

Tho ellicioncy, oithor by direct measurement 
of tho ratio Area KCF.HK/Area MCFNM, or by 
calculation from equation (70) 1ms horo tho 
value 0-5. 

§ (46) Ideal Efficiencies. —Ilcnco for a 
toinporaturo range from 2000° C. (abs.) to 
.’100° C., and with the other data assumed in 
tho foregoing paragraphs, tho maxima ideal 
efficiencies in tho several cases considered 
have the following values: 

Carnot {onnstnut temperature)) .... O'85 
Otto and Lnngon free piston (resistant volmno) 0 •(>(! 

Diesel (constant pressure).0-55 

Clerk (uonstnilt volume), with complete 

cxpaiiHion.0-52 

Clerk (constant volume), with incomplete 

expansion.0-18 

Otto (constant vulumo).0-50 

Drayton (constant pressure), with complete 

expansion.• . . . 0-30 

Drayton (eonstant pressure), with incomplete 

expansion.0-33 

Lenoir (constant volume), will) complelo 

expansion.0-2t) 

Lenoir (constant volume), with incomplete 

expansion.0-25 

§ (47) Pkactica f, Consi n ehations,—T hus 
tho ofiicioncy of tho Carnot “ Porfect ” oyolo is 
substantially groator tliati that of any of tho 
others, while tho Otto and Langon ongino has 
an ofiioienoy—wlion isothermal compression 
is realised—second only to that of tho Gamut. 

For tho purposes of praolioal powor produc¬ 
tion, howover, it is not enough that a cycle 
should ho of high ideal ofiicioncy ; in order that 
ati engine may bo practicable it is necessary, 
inter alia, (1) that its cycle can be elTeotively 
performed in a very short time, and (2) that 
tho ratio of moan olTootivo pressure to maxi¬ 
mum pressure shall ho as high as possible. 

If (1) cannot ho attained tho ongino can 
only run slowly, and is thus bulky and weighty 
in relation to tho power developed by it. if 
(2) is not realised, then since tho ongino must 
ho designed to withstand tho maximum 
pressuro dovoloped it is necessarily woighty and 
ooatly relatively to its power output. 

These two conditions have, so far, prnetioally 
excluded all but tho Otto, Diesol, and dork 
cycles, and it is of interest to determine in 
tho sovorul eases of § (46), the values of the 
maximum pressuro, the moan effeotivo pres¬ 
sure, and the ratio of those. 

Tho mean effeotivo pressure, p m , is tho 
average height of tho closed figuro on the ]> v 
diagram representing the useful work U 
(ft.-lba.) done per oyclo; if p m bo in lbs. per 


sq. in., and if V be the groato-tt, i*' 14 * " j* 11 ’ 
least, volume (in cub, ft.) <>f (] 1( i working 
substance, then 

pm =I44<V“ v) H,s - I 10 ’’ ««!■ i,x - ’ (T ' ] 

Tho maximum pressuro dovolnp,»«l wilt bn 
denoted by P, and in each eiiso it, j* <-.< muidni-ed 
that tho engine uses 1 lb. of oil’, initially at. 
atmospheric pressure p„ of 14-7 Km. | >« '•' - s< l- bl¬ 
and toinporaturo t 0 — 300° 0. (aim.), wln'i>oe\ 

- by equation (12'), its volume n (i - | ;p (1 mil), ft. 

§ (48) Maximum PHEammKsi. 'I'h*'- ('•trnnt 
Cycle; Value nf The onhnil/vt i‘»li hero 

is conveniently conducted ns fnlloM U : As 
T = 2QOO°C. and l„ =300° C. wo luwi*» 1 >,V 
tion (32), for the value of the lulinlmt i(< rnthiH 
p = (2000/300)2-15 — 104'36 ; ihnn tlm rn«un 
of adiabatie expansion and eoinpivHHi* m must 
necessarily each liavo the niioniiuiiHly largo 
value 104-36. The isothermal mt««> r in 
arbitrary; if it ho assumed as 2, (hnn, * *y *‘i|Ua- 

tion (30), the total expansion mlio 1 ... 

X = 2 x 104-36 =;208*7, a value, it in noi>il less lu 
point out, entirely out of the <[uimlion in any 
actual ongino. 

Tho maximum pressure 1* i H ohiui nol by 
aid of equation (12) and is given by 

—about 20,460 Ilia, pnr i<q. In., 
or roundly 1400 atmospheres. 

Again, by equation (72), 

„ _U . ‘■■(T-0 ■«.**„ '• 

im 144V(r-( i/X)) • J<i4V( 1 - (1/X )) 

{vide equation (12')); thus 

06 x1700 x lug,2 

144 x 13-0 x 0-0015” CHI,W ‘ i M ’ r l,, » 

so (bat tho ratio of meanolfcotivo t<» muxiniuni 
piessimi is only 08/20,4fit), or abmiti I/:»r»:ti> I jini l. 

Any such maximum pressure an 20,-1 f it I Him, 
per sq. in. is of eourso entirely inijn imm! h!«i in 
practice, and it will also be oIjhin’wi t Unit 
the mean elYoolivo pressimi is only tt ninnll 
fraction of tho maximum pressure. F l'li«» oyele 
is entirely impracticable. 

The design of an ongino is domiimtml 1 ty tlm 
maximum pressure to he provided ii^jiLiimI, ; 
if wo tako this at tho value adopted in ||ie< 
modern .Diesel engine, vi/.. about fiOO 11 »m. pm- 
sq. in., and also if the upper lorn j mra turn 
limit bo assumed at the low value < »f ,,nly 
800° C. wo shall have. X~ 13*96, jt -. 1 | (HI, 
,, “I , 26, and p m — 6*1 ills, per sq. in. U’Iiuh 
even horo tho mean effeotivo pressure* in mily 
l/82nd of fcho maximum pressure, and Jnm 
fcho trifling value of only about 0 lbs. ]iut- sq, in, 
when tho Carnot oyolo is taken, 

§ (49) The Otto and Lawihn “ I-'ii \; r . 

Piston” Cyole; Ratio of ...Sn, 

§ (33) and Figs. 18 and 27. Horo T— l M>< >0 ‘ 
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t 0 —300° 0. (abs.), 7 > 0 =14'7 lbs. per sip in., 
find v 0 — 18-Q on)), ft. 

The remaining quantities may bo thus 
evaluated: 

Pc/ib —<T//») gives p 0 =08 lbs. sq.in., 

pcVot^pcVe*, and iWo=)>c»e given v, ' = 1 110-4 cub. ft.; 
mid also j>< =014 lbs./aq. in., 

r=vc/v 0 gives i = tOl-l, 

U=.IA'i(T- /,,)- do log^ r gives U =208,420 ft.-llw. ; 
Hum by Uq. (72) )hll = l.32fflbs./ai|.1n„ 

ini'l tWL’ =)Wj»» 8* voa Ikn/V -1 /74tli. 

Thus fcho ideal cycle in this case requires 
a total expansion of 104-4 times tho initial 
volume, and gives a menu effective pressure, 
of only 1-320 lb. per sq. in., which is but 
l/74th of the maximum pressure developed. 

Moreover, in order to approximate even 
roughly to isothermal compression on tho 
return stroke, it was necessary to run these 
freo piston engines vory slowly, and they wero 
in consequence exceedingly cumbrous and 
furnished hut a trifling power relatively to 
their bulk and weight, notwithstanding their 
high theoretical efficiency. 

A sorics of tests made by Clerk in 1885 on a 
2-h.p. engine with a cylinder 12£ in. in 
diameter showed that the maximum stroko 
was 401 in., and i.h.p. 2-9, with 28 explosions 
por minute, corresponding to a mean effective 
pressure of 81 lbs. per sq. in. ; (lie total 
expansion ratio attained was, however, only 
about 0. 

Tho b.h.p. was 2-0, and tho mechanical 
olTioienuy therefore 70 por cent. Tho con¬ 
sumption of coal gns was 24-fi oub. ft. por 
i.h.p, hour, corresponding to an (indicated) 
tliormal offioionny of 0-11. Even tliis eon- 
sumption, howevor, marked a notablo improve¬ 
ment upon tho results obtained with the earlier 
Lenoir and Hugon engines ; tho largest ongitio 
made of this vory noisy freo piston typo was 
only of 3 h.p. 

§ (CO) The Diesel Cycle j Ratio of p nl /P, 
—See § (41) and Fig. 1C. Here 

2 > 0 - 14-7 lbs. por sq. in., 
u„ = 13-G cub. ft., 

T' = 300° 0. (abs.), 

2 )„ = 500 lbs. por sq. in; 


v ^^ V \ = l’112mb. ft., 

< 0 =~-J| ? - ? =833° C. (abs.), 

T-2000° C. (abs.), 

„ J) = 1 -^ r = 2 , 07 cub. ft., 

. = ^ = 2 - 4 , 
v 0 

/» = -* = 12-23, 

Vo 

and T a = y ~ J T=1043° 0. (abs.). 


Bonce (vide §(31)), nsU =*„(T ~i e ) - /.' t ,(T a - ’I’'), 
wn linvo U = 151-07 UTh.lJ. of useful work, 
and therefore, J)y equation (72), 

151-07 x 1400 llon 
* ,= U5l!« =l “ lba - l” r "‘- 

Thus tho mean effective pressrire has hero 
the high value 118 lbs, per sq. in., anil 
?>,„/P =• 1/4-24, a very great advance on previous 
figures. In actual practice mean effective 
pressures of 100 to 115 lbs. per sq. in. am 
ordinarily realised, with an average (indicated) 
thermal efficiency of 0-4, and rovnliilion 
speed, in stationary types, of 200 per minute. 
Tho Diesel cycle thus satis lies the require¬ 
ments of actual practice very fully. 

§ (51) Tub Beau j»b Rochas, on Otto 
Cycle ; Ratio or /) W /I».--Sce §§ (30) aiul (45) 
and Figs. 21 and 29. Here also 

2 >o = 14*7 lbs. per sq. in. (ahs.), 
v e = 13-0 ouh. ft., 
t 0 = 300° C. (ahs,). 
t 0 is assumed at G00" O. (aim.) ■ 

wlicnco i>„= (j?) y ~ l ».=-2-480 onh. ft., 

13*11 


and 


P- 


2-489 


5'47, 


m 


JV-Ll'iw" “1^0 , 7 lbs. per sq. in. (aim.), 


T 


1’ = j p,~535-7 Dm. per sq, in. (abs.), 

T =8 2000° O. (abs.)., 

T s = ft 0 = 10(H)" 0. (ulw.), 

•O 

and ]) e ~41M) lbs. por aq. in. 

ThoiiHoful work dono is given by tlio equation 
U = MT-fe/l)-ft v (T a -M=llH*23 O.'J'Ji.U. ■ 
wlicnco, by equation (72), 

1400x118-23 

1>m ~ 144 x 11-11 ~ i0, ' n 1 JW w l* "'-i 
and tho ratio p„,/l* has tho value 1/4-84, 
which is of tlio same order as that obtained 
in tho ease of the Diesel cycle. 

§ (52) The Constant- nil i:hhu«k “ Bhay- 
ton” Cycle; Vai.de of p m , Km—Him §J5 
29, 30, and 39 and Fiijx. 14 and 23 ; this 
oyelo is practically perfected in tlio modem 
Diesol engine, but it is of interest to ovaluato 
An as its ratio to P was, both in theory and 
practice, vory high. As illustrated i n Figx, 
14 and 23 wo have hero 

7)0 = 14 - 7 , 
v 0 = 13-0, 
l 0 — 300° G, 

70; 




292 


ENGINES, THERMODYNAMICS OF INTERNAL COMBUSTION 


whence, by equation (2J), 

< 0 =4()8° a, 

and therefore 

Ofi x t e . . . 

v e = ..- =447 cub. ft. 

144 x j) e 

Again, v^yVc-l^-Qii cub. ft., 

'c 

and thus <r=4-26 {vide equation 61). 

'JN is assumed at l-JfSO 0 (!., whence, by equation 
(22), a, .-=41-9 cub. ft., so that tho total expan¬ 
sion ratio X=04. 


90 x t, .. 

P* = 144Tij =2,i ' 2 ,s> 1)or Hrj - in, » 

and r=?'t # =026 o a (abs.). 

Hence, from § (60), IJ = 126-74 C.TIi.IJ. of 
useful work, and accordingly, by equation (72), 


Jha — 


126-74 x 1400 
"144 x 8743 ' 


= 66 0 lbs. por sq. in. 


Tho clfcctive maximum pressure is (P -14-7) 
ll>s. por aq. in. —66-3, whioh is only 1-08 
times •/),„—a very satisfactory feature of tho 
oyele. 

A test of a Drayton petroleum engine of 
about 4 I).li.p., made by Clerk in 1878, 
showed a maximum pressure in tho work¬ 
ing cylinder of 47 lbs. per sq. in., a mean 
ofieotivo pressure of 30-2 lbs. per sq. in., 
and a consumption of potroloum of 2 76 lbs. 
por b.h.p. hour, corresponding to tho very 
low brake thermal oflioionoy of only 0-047, 


t licii'. 
Ilicii 


T 8 is assumed at 1400” C. (nils.)., /in 1 ' 
fore, by equation (22), w,=32-<5 cub. * * 

06 x 1400 .... (jtlm.). 


P» = 


144 x 324i 


,. = 284i lbs. per an. iji 


and T' = , -/ fl = 718°C. (abs.). 

v„ ' 

Hence 


U = /.■„('!’ - Q - l:J T, - V) - - („ > 

= 724*7 C.Th.U. nf uw'D’ 1 
In tliis ease, as tho stroke of tho |»i m L < ><> 
wo have to write 


work. 

in A K, 


1400x72-67 01 _ 


lbs. 


por s<! ■ 


in. 


Thus tho ratio of p„, to the ninximuti i o 

pressure of (98-14-7) lbs. per sq. in. I» a • - * bore 
tho satisfactory value 1/3-84 ; tlid «nigiun 
failed oommereinlly, however, on a»u’<»unl of 
its cxecodingly great consumption fuel, 

Not only is the theoretical oltioicvuoy l, *‘ I ho 
cycle low, but oven this low oHioimoy avum iml 
nearly attained in practice. The ciigin‘" 1 
bnilb in sizes of from oiHi-linlf to Mirct' I noun, 
powor. An exjiorinient by Tre.sen on <<■ "iio- 
hftlf horse-power engine showed a neiirui ni|'liun 
of 96 cub. ft. of (Piirifi) coal gus E.b.ii. 

hour, which is fully eight timew jih |j'i « , iil an 
that of a modern four-stroko gas of 

moderate powor. 

§ (64).—Collecting tho results obtain* •«I iti tlm 
preceding paragraphs for comparison, wo have 
tho following for typical engines, cue’ll lining 
1 lb. of air, and working between tho ri-l ewdttle 
tomporaturcs 2000" 0. and 300” (!, : 


Unglue. 

Type nf Oy<4o. 

Thoorntlcnl 

Mldoncy 

with 

C'omlltloiiH 

assumed, 

Miixlimim 

Pressure 

P. 

hbs./Sq. In. 
Aim. 

AFoiili 

l'ri'HHiiro 

pHU 

T,hs./8(|..ln. 

Katin .4 
2**i* O' 

<P • 1 1-7) 

Curiiob . 

('oi)H(nnt temporal,uro 

■86 

2(1,460 

68 

•mn’M 

Otto nnd J,niigon ( 
free piston * / 

Constant volume 

•no 

08 

1 ■326 

(no 

Diesel . . . 

Constant pressure 

■66 

600 

118 

i:i 

Otto ‘l-Hlroko. 

Constant, volume 

•no 

63(1 

103-6 

•lil HI 

Drayton 

Constant. pressure 

•33 

70 

33 

• i;r m> 

Lonoir . 

Coni*tnut volume 

•26 

1)8 

21-7 

•itlid 


* With complete expansion. 


Tho modern Diesel engine consumes only 
about 0-46 lb. of oil fuel per b.h.p, hour, 
corresponding to a brake thermal efficiency 
of fully 0-30. 

§ (63) Tnn Lenoir Constant Volume 
Cycle ; Value or p m .—See Fiya. 17 and 26 
and §§ 32 and 42. Here also 

5* 0 =14-7, 

1*0=13-6, 

<0=300° C., 

T=2000° (!., 

io 5 ) o = 08 lbs, por sq. in. (abs,). 


Tho rolativo values and advantag***-* *«f (ho 
various oycles are very fully dim:u m.-hx! by 
Clerk in The Qua, Petrol, ttnil Oil /duffimi 
(Longmans), vol, i., 1 <)()(). 

§ (66) Losses in Internal Com uvsnns- 
Enuineh. —In all that precedes it him boon 
assumed that tho working Buimluiu-t* i.< ,hy 
air—regarded ns a perfect gas—mnl t lint the 
conditions are snob that each oyolt* «-jih hr 
perfectly carried out. Tliis is impo^m | ,i„ j„ 
ftotunl practice, and is duo mainly t,i t he 
following causes: 

(!) Tho working gases lose Iu*nL t«i (In, 
surfaces of tho combustion chamber, cylinder 
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und piston uiwn during and after explosion 
by radiation and convection. 

(2) The imexplodcd charge is usually heated 
on entering the. cylinder, with consequent 
expansion mid reduction of tho muss of charge 
exploded. 

(8) In constant.-volume cycles the explosion 
is never instantaneous, as assumed in theory. 

(4) The working substance is not dry air, 
but a mixture of nitrogen, carbon dioxide, 
steam, und oxygon, having specific heats 
which arc not constant, hut increnso with 
rise of temperature. 

(5) The working substance is changed in 
volume by combustion, so that tho volume 
which is heated and expanded differs from 
that which is compressed when measured at 
tho sumo temperature and pressure. 

(<>) Combustion is not complcto when 
maximum temperature is attained, and is 
oven, in some eases, not complete at release. 

(7) Sumo throttling or “ wire-drawing ” 
always occurs during admission, and there is 
nlwnys some degree of buck pressuro opposing 
tho oxluuist. 

(8) Tho working gases loso heat to the 
cylinder walls during compression. 

Theao sovoral sources of loss may bo con¬ 
sidered in some further dotnil. 

§ (50) Loss oil' Heat to Walls non t no 
Explosion and Expansion. — Tho physical 
properties of east iron, of which tho cylinders 
of all internal combustion engines, oxcepting 
only air-craft engines, aro made, renclors it 
necessary that they shall bo kopt cool oitlior 
by a wutor-jackot or, as in many small engines, 
by a stream of cold air passing ovor heat- 
radiating gills formed on tho outer surfaeo of 
tho oylindor. In practice it is found that 20 
per cent to 00 per cont of tho whole heat 
evolved by tho combustion of tho working fluid 
is lost in this way alone, Tho highly heated 
gases loso heat to tho containing surfaces 
partly by radiation, and, boing in a stato of 
very violent turbulence, also by convection. 

Tho general rule that the better tho absorber 
tho bettor tho radiator, and the principle that 
a perfectly transparent substnneo, whatovor 
its temporaturo, could radiate no enorgy, 
lead to tho conclusion that gases in ohomical 
equilibrium—which then possess nearly perfect 
transparency—can emit no appreciable radia¬ 
tion. When radiation does take place from 
gases it appears to arise from tho flame duo 
to chemical action proceeding in tho gas, 
and in internal combustion engines any 
radiation from tho flaming mixture iR absorbed 
by tho enclosing motnl walls of tho combustion 
chamber, cylinder barrel, piston crown, and 
valve heads, wherein it appears as sensible 
heat, which is then conveyed by eonduotion 
to the jacket and surrounding air. Loss of 
energy by radiation, in this connection, was 


iiist considered by Cal lends r in 1DIKI. Tcsls 
by him on a small petrol engine 1 showed Unit 
tho loss of heat per cycle could ho re prose ill id 
approximately by an expression of tho form 
a-\ br, where r is tin* t-imu of one revolution, 
and a and b arc constants. Radiation losn 
from the burning gases proceeds with very 
great rapidity near the instant of maximum 
tempera turn, and this practically iiiHtantaiicoiiH 
loss may bo con si do rad as represented by I ho 
constant form “ it." The second term hr 
represents a loss by radiation mid w invention- 
eonduotion proportional to tho tinm during 
which tho cylinder surfaces am exposed In 
tho burning gases, 

§ (57) ltAmAvroK i'ltoM Flam eh. — ft. v. 
Helmholtz found, when using “ nolid ” (hums 
of about { in. in diameter, that n hydrogen 
flame radiated about 8 per cent, coal gas almost 
5 jior cent, and 00 about 8 per cent of its 
total heat of combustion. Those woro very 
small flumes. A large flame radiates more 
onergy per unit of area, since a flame is largely 
transparent oven to its own radiation, and 
thus radiation is received not only from the 
surface molecules, but also from all those 
behind it. Cnllendar, repeating muni* of 
Helmholt/.’s experiments on a larger seale, 
found that tho radiation from a Bunsen nnn- 
lumitinuB mail gas flame I -2 in. in diameter 
may amount In ns much us 15 per eent of 
tho whole heat of combustion. Experiments 
mtido by Julius on different kinds of flame 
have shown that t he radial inn is almost 
wholly duo to tho (!(>„ and !l a <> (steam 
molecules). Tho explosion of gases ill an 
exhaust vessol, or a gas engine cylinder, 
differs considerably from any open flume in 
respect of radiation, as not only is tho density 
of tho gas much greater in the closed vessel, 
but it is also not cooled by mixture) with tho 
outside air. Hopkinson (1010) made experi¬ 
ments on the radiation emitted during o.xplo- 
sion and subsequent cooling of a mixture of 
015 coal gas and 0’85 air, by volume, in a 
closed vessel. Ho found that tho total heat 
radiated during and after the explosion 
amounted to ovor 22 per cent of tho whole 
heat of combustion. The radial ion up to 
the instant of maximum pressure amounted 
to 3 per cent, and continued at a diminishing 
rate for a considerable period thereafler. 

It was still poreoptiblo 0-5 second (iffor maxi¬ 
mum pressure, when tho gas temporal.!ire (mil 
fallen to 1000° 0. 

§ (f>8)-—The conditions existing within a gas 
engino when working have been vividly 
described by Clock, who fitted a cylinder with 
a stout observation plug of glass. Ho ways : 
“While tho engine is at work, a eontimioun 
glftro of wiiito light is observed; a look into 
tho interior of a boiler furnace gives a good 
1 Pros. rust. Aid. ling., 1007, 
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notion of tlio fin mo filling the cylinder of a 
gas engine,” Tito loss by radiation from the 
flaming mixture will l»o greater as the absorbing 
[lower of the containing metal surfaces is 
increased, Hopkinson lias coated Hie interior 
of an explosion vessel with tin-foil, and com¬ 
pared tiie results obtained by exploding 
mixtures of identical composition, firstly with 
the tin-foil highly polished, and secondly 
with its surface covered with lamp-black. 
He found that nearly tho same maximum 
pressure was developed in both cases, hut that 
the fall of pressure during cooling was consider¬ 
ably less with the bright than with tho black 
surface. Further bolomolrio experiments by 
Hopkinson consisted in covering n small 
portion of the inner surface of an’explosion 
vessel with thin copper strip (I) highly 
polished, (2) blackoned, anil (8) with the strip 
protected from direct contact with the flame 
l>y a plato of mole-salt. It was found that 
tho mto of iuorenso of temperature of the 
blackened surfuco during explosion and tho 
subsequent early stages of cooling greatly 
exceeded tlmt of tho polished strip, tho differ¬ 
ence between them being roughly equal to the 
mto of temporaturo inoroaso observed when 
tho strip was covered by tho rook-salt, which 
transmitted upwards of 00 per cent of tho 
radiant energy to tho strip while protecting 
it against any direct gain of heat by contact 
with the flaming gas. 

Using a mixture of 0-15 coal gas to (b85 air, 
by volume, giving a maximum temporaturo 
of 2150° 0., Hopkinson estimated from tliese 
experiments that t-lio loss of bent by radiation 
to tho enclosing surface up to 1 ho instant of 
maximum pressure, was about 5 per cent of 
tho whole boat of combustion, and that radia¬ 
tion continued during cooling certainly down 
to 1400° 0. If combustion wore complete at 
tho instant of maximum pressure, which is 
also that of maximum tompomturo in closed 
vessel experiments, it would follow from the 
observed greater loss of energy by radiation 
during explosion to the black than to the bright 
surface, and tho observed equality of tho maxi¬ 
mum temperatures attained in each case, that 
tho internal energy of tho gas at tho same 
tomporaturo would bo greater when tho onolos- 
ing surface was bright than whon blackened. 
Clerk has shown, however; that combustion is 
never complete at tho instant when maximum 
tomporaturo ia attained, and finds that in gas 
engine practice in general only some 80 per 
cent of tho heat ia evolved at this inatant, 
the remaining 1/5 por coat appearing during 
a portion, at least, of tho expansion working 
atroko. Combustion is usually practically 
complete whon release takes place; with 
weak mixtures, or badly-designed combustion 
ohaniliors, corn bastion may bo markedly 
incomplete oven at rolcaso. 


!j (50) Cvunjjkr Temi’KIiaturks. —Although 
the maximum temperature of tho working 
gases is of the order of 2000° 0., the mean 
temperature at tho inner surface of the metal 
of the cylinder never exceeds a quite moderate 
value of, at most, some 200° C. above that of 
tho cooling water in largo gas engines; in 
tho thin walls of petrol engine cylinders the 
difference is much less, and is usually below 
50° 0. Hopkinson placed patches of tin-foil 
on tho inner surface of tho combustion 
ehamlior of a gas engine cylinder 11} in. in 
diameter, and found these were quite un¬ 
affected by tho successive explosions, although 
the lieat-flow rate is here a maximum, and the 
melting - point of tin only 2:50” 0. ]» this 
connection it is also of interest to record that, 
using a rich mixture (1 : ()) of oonl gas and air, 
lie found at the instant of maximum pressure 
in a cylindrical explosion vessel about 28$ in. 
diamoter x 27 in. long, large difforone.es of 
temperature at different points within tho 
vessel. The following are his results : 

Mean tomporaturo of the gases (inferred 
from maximum pressure) . . , 1 (500° 0. 

Temporaturo at contra of volume of tlio 
vessel, near point of ignition of tlio 

mixture. 1000 M 

Tomporaturo nl 4 in. from tlio wall of 
vwwol . 1700 „ 


Tomporaturo at 0-1 in. from wall at rod J 1 luu ‘ » 

1)300 „ 

Tomporaturo at 0-1 in. from wall at side 8/il) „ 
A rough approximation to tho mto of heat- 
flow per unit area from the gases to the cylinder 
surfaces is obtained by dividing the mean area 
exposed to tho heated gases into tho total 
heat appearing in the jacket water phis that 
lost by ordinary oxtornal radiation from tho 
engine as a whole. 

Comparing in this way « 85 h.p. four-cylinder 
‘1-(>2in. diamoter x 508 in. stroke Siddoloypetrol 
engino running at 1)80 revs, por minute, with a 
40 h.p. single-cylinder II.} in. x21 in. Crosuloy 
gas engine running at 180 revs, por minute, 
Hopkinson 1 obtained the following results: 


Item. 

(iroHsloy. 

.S| lldoloy, 

O.Th.U. lost per mimito'l 
to jacket water, and | 
by general external I 

2250 

2300 

radiation J 

Percentage of ditto to\ 
total boat supply / 

34-0 

4045 

C.Th.U, lost per cylinder 1 

2250 

575 

por minute J 

Heat-flow in C.TI 1 .U. por 
sq. in. of exposed sur- 
fnoo per minute at— 
In-oontro 

<145 

7-0 

Out-contro . 

2-00 

3-7 

Menu .... 

3-2 

4-85 


1 l’roc. Inti. Aul. Hug, vol. 111. 
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Thus the maximum hcnt-ilnw rate did not 
exceed 7 C.Tli.U. per sq. in. per minute, and 
the temperature grado necessary for this rate 
through east, iron is only about 100" 0. per 
in. of thioknoHs. As the walls of the Siddeloy 
engine cylinder were only ^ in. thick, 
HopIdnson points out that the moan tempera¬ 
ture of tlio internal motnl surface, where 
water-jacketed, never exceeded that of the 
jacket water by more than about ,30° C. The 
walls of the Oossloy engine cylinder wero 
almost four times ns thick ns in the Siddeloy, 
which would correspond to a moan temperature 
of inner surface of, at most, 125° G. above Unit 
of tbo jacket water, or about 200° 0. actual 
temperature. 

§ (00) Piston and Vai.vk T kmpkhatuiiks.— 
The ])iston3 an<l valves of intornal combustion 
engines aro rarely wator-coolod, and conse¬ 
quently become very hot, thoir licnt having 
to bo conducted through some distance bofuro 
rcucliiug the jacket water. When working 
at full load, Hopkinson found in the Crossley 
ongino aliovo cited tomporaturcs at the centres 
of tho piston crown and exhaust valve at 
about 040° C. For tho gas engine mixture 
used by him tho tempomturc of pre-ignition 
was slightly above 700° C. With oil engines 
when run at full load pre-ignition usually 
soon occurs, and is commonly prevented hy 
tho injection of a water-spray into the cylinder 
during explosion. 

In tho preceding remarks it has boon 
assumed that tho internal metallio surfaces 
exposed to the heated gases are clean j actually 
tho combustion chamber surfaco is quioldy 
covered with a deposit of carbon, whilo tho 
working barrel of tho cylinder is coated by 
a thin film of oil. Tho carbon doposft on 
tho oonibustion chamber surfnoo and piston 
orown increases tho loss by radiation from tho 
(laming gases j by polishing tho mu-faces of 
tho combustion chamber mid piston of a gas 
ongino a perceptible incrcnso in menu pressure 
hns been obtained. Again, a thick deposit of 
carbon, especially on the hot piston crown, 
by its low conductivity may create incan¬ 
descent points or patches, and thus cause 
pro-ignition ; thus carbon deposit is obviously 
to bo avoided us far as possible, 

§ (01) Radiation Lossua.—Clerk (Gustavo 
C'unot Lecture, 1910) stales tliat radiation 
losses increnso very rapidly with tomporaluro 
difference, the loss being approximately 
proportional to tho dilforenco of the fourth 
powers of tho absolute temperatures of the 
gas and inner wall surface respectively— 
agreeably with Stefan’s Law. Ho states also 
that radiation increases with incrcnso in tho 
dimensions of the containing vessel ; and ho 
points out that Stefan’s Law, practically 
limits tbo temperatures attainable in gas- 
engine practico. 


§ (Q2) II MAT- - t'r.uw. — Reference may ho 
made to the fifth report of the Gaseous 
Explosives (.‘onunittce at tho JSritish Associa¬ 
tion (Dundee, 191.2), which contains a valuable 
resume of present knowledge relating to heat- 
flow from tbo working gases into Hie cylinder 
walls of intermit combustion engines. 

The general conclusions reached are, briefly - 
(i.) The rate of hnat-llow from gas to wells 
is greatest at maximum temperature and 
pressure, and rapidly diminishes as the pinion 
performs its outstmke ; f lic greater part of 
the licat-llow lias occurred in a comparatively 
short lime, and when tho piston has moved 
hut little from its in-position. Hcnco Urn 
hulk of tho heat lost by f lu; gases to ( lie cylinder 
passes into tlio combustion chamber, piston 
orown, and valve bends, and but little is 
received by tbo working barrel. Clerk 1ms 
calculated that tlio actual mlo of heat-flow 
in tho first Voths of the outstmlco is equal to 
six times that of tho whole stroke, in ordinary 
gas engines, when working at full load. If 
pistons bo water-cooled, in considering the 
cooling of the cylinder it is probably suflieicnt 
to neglect altogether the Imnt-llow into the 
outor half of the working Imrrcl. When 
pistons aro encoded a water-jacketed barrel 
is needed mainly to keep tho piston coni. 

(ii.) Tlio tcinpoiivliirii-grndient necessary to 
maintain Urn required rale of heat-flow from 
tho Inner mirfaeo of a combustion chamber to 
tho jackol water rarely exceeds fit)" (!. per in., 
and for such surfaces, kept fairly clean, 
oA'eclivo cooling presents no great dillinnlly. 
At special points, c.g. the centra of the pinion 
crown (when unoooled) lempcraluro is high; 
with a four-stroke ongino of 2-1 in. cylinder 
dlamotor a temperaluro of almost film" <J. 
may bo found hero. With large gas engines 
the necessary great t hickness of Iho coin bust ion 
chamber walls, and tho jirnetical dilTimilticw 
of ensuring, free circulation of jacket water 
oyorywhero may result in tire formation of 
high local internal surface tempera tint's, 

(iii.) An important effect of radiation is tho 
greatly increased heat givon to cylinder walls 
when mean pressuro is increased i>y iuorouiting 
mixture - strength ; the metal tompmatiires 
■and jacket-water temperature are mined in 
much greater degree than tho fuel ooiiHiunpl ion, 
and efficiency is diminished. In large engines 
this sets a practical limit to power output 
which, if oxocoded, results in rapid overheating 
of the ongino. 

(iv.) Another important oiTeot of radiation 
is tho greatly increased boat received hy tho 
walls from a largo than from a small volume 
of gas; it results from this, that tho di(Terence 
botween tho efficiency of n largo and a small 
ougine is lessened, and also that tho difficulty 
of adequately cooling very huge engines is 
increased beyond that arising from tho neces- 
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snry great thickness of (he cylinder walls by 
the increased n mount of heat received through 
radiation from the greater volume of glowing 
gas enclosed. 

(v.) Effect of Demit }!.—The density of the 
gas in an internal combustion engine of the 
Otto-cycle typo is from four to seven or eight 
times that of the atmosphere ; in Diesel-cycle 
engines it is considerably greater; increase in 
density greatly increases heat-flow as compared 
with an ordinary closed vessel explosion with 
atmospheric density before ignition. The 
total heat lost to the jacket water is found to 
increase with the density, but not quite in 
simple proportion ; the exact relation seems to 
lie complex, and is not ascertained ; it is 
probable that the combined convection and 
radiation heat losses in a vessel of given form 
can bo fairly well expressed ns increasing 
according to some fractional power of the 
density. 

Tho question as to the best compression 
ratio to adopt is closely connected with that 
of density. When compression is increased 
by reducing tho volumo of the combustion 
chain bor, not only is tiro density of the gas, 
and therefore tho total lioat loss, increased, 
but the area of enclosing surface is also 
reduced, and hence the rate of heat-loss per 
unit of area is increased by both onuses 
combined. Though olficionoy is increased in 
theory by incroaso of compression ratio, this 
increase may bo more than annulled by the 
increased beat-loss to tho enclosing walls, ! 
and there is thus a vnluo of tho compression 
for which tho efficiency practically attainable 
is a maximum. But it may easily happen 
that ovon before this maximum efficiency is 
attained tho increased rate of boat-flow per- 
unit area of enclosing walls may give rise to 
cooling dilfioultics and pro-ignition trouble. 
The causo of pre-ignition is commonly the 
overheating of some point or patch of tiro 
metal, or carbon deposit thereon, duo • to 
excessivo bent-flow following increased density. 

If the enclosing motel surfaces could bo kept 
clean and cool, compression ratios could have 
much higher values than are at present 
practicable. 

§ f(l.'i) If HATING OF Cl t AUG HI ENTERING 
CyTiINOER,— lit largo gas engines the ratio of 
surface to enclosed volumo of gas is relatively 
small, while tho thickness of tho cylinder 
walls is necessarily great. In order to avoid 
sotting up dangerous stresses in the motel 
through hoating, it is found noeessary to 
keep tiro jacket cool by arranging for tho 
oiroulatirm of an ample supply of cooling 
water; the temperature on leaving tho 
jackets, in largo gas engines and Diesol 
engines, iB usually between 30° 0. and 50° 0. 

In vory largo gas engines tho pistons and 
valvo heads are also water-cooled, and in 


these engines, therefore, tho tom | * im, i 

the whole enclosing surfaces <>f <_■< »jiihiiiifum 
chain her, piston, etc., is always fi>\V. Li I be 
much larger class of gas engines wi£.l» inreuoh-d 
pistons and valves, the avorngn t< > i * 1 1 l,l l ‘ 
of tho piston crowns and valvo bon 1 1 ^ v,,|, y 

much greater. In the exceedingly 1 *Gjihs 
of small quick-revolution internal > ri i Imulimi 
engines of the petrol type, tin; jnfjJc**!- water 
temperature is usually between * '■ ,l, »l 

100° O., while in air-cooled »*ngjti<'-* «»f I bis 

class, tho mean temperature «,f t-ln’ whole 
cylinder is considerably above KH V <and 
(lie pistons and valve beads ooitohj »«nulingly 
higher. 

In every case, when a fresh charge** hikrii 
into tho cylinder, so mo moron so In it h toNJ|)i<rn- 
tnro is caused by the higher t<mi|i«m.Li ire of (Ins 
enclosing surfaces; in addition, in llm I lime 
practical cycles of Clerk, Diesel, nini < J ft »», • bora 
is always some high tonipomUmi l»nrnt gnu 
from tho previous cycle remaining in fl>«< coin, 
bastion oimmbor at the end of <ik|iuiihI with 
which the entering fresh charge mixco, nriri iiy 
which its temperature is always raised. f'Yam 
those two cmiHes, tho fresh charge in n I ways 
heated at the hoginning of comprcssH ►»», iumI ill 
Otto cycle gas engines of the smaller t-.v|>n, and 
petrol engines, a temperature of 200'' th nt this 
point is not unusual. The rise of leni j 
results in a lessened density of fronK i-lmi-go 
taken in, and (be mass of fresh nlmrgo is 
furtber reduced by the presenen <►! iM-sirimil 
burnt gases in the combustion spuoo ; apart 
from any effect of thin upon thermal ollicihvimy 
tho lioat ovolvod per cycle is lessoned, nml (lie 
power outjmt of the engino correspi niriingly 
reduced. 

§ (04) Tub DiNHHr. (Jygm: ; Ei-'i.-* i-;ut of 

Heating iikkokk Gomimikhsion.—C ormidor Mm 
enso taken in § (i30), with IUm. i n• r ih[, 

in. (abs.), and r,:=llMI cub. ft., Mm v« dumo at 
outstrokc. But, due to heating on at J i iiiomon, 
Hiipposo V ( Fig. 15) to he '100" ( J. (abs. > ; I him at 
K we have now 1IHI mib. ft. of air at. pnmmiro 
M-7, and temperature 400° i.n. tin; maa-i 
of the charge is reduced from 1 !)►. t«i O-70 
lb., and the value of the constant 1: /»,/!' 
is now 72. The volume of the com liiinlinn 

chnmlwr remains unchanged nt 1*112 ouk ft., 

and hence p c is also unchanged til f*IHl Ilia, 
per H(j. in. (alls.), But t 0 "P 0 vJe' in mav in- 
oreused from 8M° 0. to 1111° (!. (abs. >. i | ,.| U m 
ns, by supposition, the inaxitnum loin j it •rn( mo 
T remains unchanged at 2000" O., wt- ] mvt , 
v^“(T// e )*v a =2 002 ouh. ft., wlumn .1 <r in now 
reduced from 2*4 to 1-8, and accordingly- p ugico- 
ably with equation (03) tho thermal olHtiUumy in¬ 
creases. Again, T a =<»^» # )V- 1 *T =0J j„. 

stead of 104!)° C. j tho ofiieioiicy, by orjiinliou 
(52), is therefore now increased from 0-5ft to 0*511. 
But the lioat converted into useful work 1 1 rin Imen 
reduced by tho reduction of tho oliai'£r<, j | U1H . 
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tJ = 0-7(1 {/.■ J1 (T - y - kjp, - T)\ = 93-10.'I'li. U. 
Heneo in ctmacquonco ■}>„, is now reduced to 
93-1 x 1400/144 x 12-488-72-3 lbs. per sip in. 
ns compared with 118 lbs, per sip in, in bho 
previous caso; Unis the output of power of 
the engine nt Rio sumo revolution speed has 
fallen from 1-0 to 0-013. The figures in the two 
cases are collected together below, for com¬ 
parison. 

In both cases p„ = 14-7, » # = 13-G, = 1-11.2, 

P = 12*23, and T = 2000° C. 


the heat is supplied from /„ to thren-fouilhs of 
the fluid, the rise of temperature will be the 
sumo as before, anil neoordingly Ui« maximum 
toinpornturo attained will ho n unite red and 
T-800-t- 14(10 = 2200° U, while T„ will corre¬ 
spondingly increase front 101)9° O. to 1100° U. 
Thus the working fluid is nt a higher tempera- 
luro tliroughout the cynic-, the heat losses to 
the cylinder are greater, and lienee, in practice, 
tlio oflieieney is reduced. 'Tho useful work done 
is U = •7. r d- | ,{T - / c - 'JVf 1„\ 88-157 O.Th.U., 


r 

"C. 

c 

0 a 

v„ 

flub. IT. 

t7. 

Adiabatic 

Expansion 

Itatlo. 


'i'licriuul 

Kllli-loney. 

tvVli.U. 

I’".. 

Ll»s.ysi|. in. 

Helnllvo 

rower 

Oul-imt-. 

300 

833 

2-07 

2-4 

6-1 

10-13 

0-00 

151-7 

118 

1 

400 

1111 

2-002 

1-8 

0-8 

1)10 

0-50 

93-1 

72-3 

0-1113 


In this cycle inoroasing tho lower limit of 
tomporaturo T, increases tho compression 
tomperatnro l e in the samo ])roportion ; heneo 
l c approaches more nearly to T, and accord- 
ingly tho constant pressure expansion ratio a- 
is redueod with eonsec|uent increase in the 
ftdiabatio expansion ratio and reduction of the 
pressure drop at the release point II. Tlu: 
oflicionoy is moroused from 0-55 to 0-59, hut 
owing to tho smaller expenditure of heat the 
power output of tho engine is reduced in tho 
proportion of 100 to (U-3. 

§ (Go) Tub Otto Cycle ; Eflt-:ot ok Heat- 
ISO nwoiiB CoMi-REssroN.—See § (30) and 
Fig. 21. In this ease, ns by oq nation (71), the 
oflicionoy is 1 — (1//»)V — 1 • whore p is conatmit in 
value for tho same ongino, it follows that the 
oflicionoy, in theory, is unaltered by any oliango 
in tho temperature of tho ehargo before com¬ 
pression. liaising t a raises l e in tho same pro¬ 
portion, and if there be the same expenditure of 
heal, H, us before , then as H=h e (T-/„) we 
liavo T = lI/i e -l-/ 0 , and thus T is also raised, 
and consequently so also is T a agreeably with 
the relation T 9 /T -~t 0 ft v . In practice, however, 
in this case the eflieiiMioy is reduced owing to the 
groater heat losses resulting from higher tom- 
poraturo of explosion and during adiabatic ex¬ 
pansion. In tho ease dismissed in § (51) suppose 
that-, duo to heating on admission, t 0 =400° G. 
(ahs.); then the mnss of the charge is reduced 
from 1 lb. to ? lb., and l 0 rises to 800° G. (ahs.) 
since the ratio t c fl 0 is constant. Tho oflieieney 
is, in theory, unaltered ; two suppositions may 
now ho made as to the supply of heat to the 
working fluid, viz. i 

(i.) Suppose tho supply of bent to ho tliveo- 
fourths of the quantity in § (51) ; and 

(ii.) vSuppose tho supply of hoot to ho only 
that necessary to eauso tho working fluid to 
attain a maximum temperature of 2000° C. 
(ivbs.). 

Case (i.).—In this ease, as threo-fourths of 


while as a necessary coiiHCquunco tho mean 
effective pressure is now reduced from 103-5 
to 88-G7 x 1400/144 x ll-U =77^ IIm. pormp in. 
Thus, at the same revolution speed, oven 
if tho eflioicnuy remained imclumgod, the 
output of the engine would ho reduced from 
100 to 75; the reduction in output will ho 
actually greater than this, as tho idlioiimoy 
is lessened through the iuoremted heal losses 
incurred. 

Ouse (ii.).—III this case tho cllieiciicy is nlito, 
in theory, unaltered, and the loin pern turo of 
the working substance is only ineieased by a 
relatively small amount during Iho adiulmtio 
compression period ; the practical ruduclinii 
of oflieieney may hence bo ox peeled lo bo 
smaller in this ease. Tho mans of the charge 
is reduced, us before, to 3 lb., but, the heal 
supplied is also reduced, nud in given by 
II = -7fih c (2(H)0 - 8(H) - 1000-i- -lOOj7W,‘.TIi.U. 
instead of 88-07. Tho mean ofl'rotivo pressure, 
ul imolumgeil.onioJcjioy, now drops to fllt;5 lbs. 
jior hc|. in., and tho engine output is now re¬ 
presented by tho nitmlior (M-2 only. 

Thus in Olto-oyclo engines, heating tho 
incoming olmrgo does not, in theory, iill'eut tho 
oflioicney, though in practice some loss of 
ellieionoy results from increased In-ut. losses to 
tho cylinder. Tho reduction in the mass of 
the charge, with eoiiscfpient reduction in the 
heat supply, results, however, in it rapid falling 
off in the output of power. 

§ (GO) Time or 'Kxrr.onioN.- In tho pro- 
liminnry siinjile theory of Dm internal com¬ 
bustion ongino constant volume cycle, explo¬ 
sion is assumed to occur insiimtune.ously; 
actually a small, hut Unite, interval of time 
elapses between tho instant of ignition and that 
at which maximum prtuumro is attained. Tho 
thno of oxplosion in constant volume oxpnri- 
montfl may ho defined an Dm interval of 
time bolween tho commencement of inei-ense 
of prossuro and the attainment of maximum 
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pressure, and numerous experiments upon 
explosions in closed vessels of constant volume 
by B unsen, Bert helot, Bairs tow and Alexander, 
Clerk, Grover, Hopkinsou, Longen, Potavel, 
Mallard and Le Chaloiter, and others havo 
furnished results showing clearly the mode of 
dependence of the time of explosion upon tho 
nature and condition of tho “ car bn retted ” 
charge employed. 

Constant-vein mo explosion experiments by 
Clerk in 1000 made upon electrically ignited 
mixtures of London coal-gas and air, initially 
at atmospheric pressure and tomperaturo, con¬ 
tained in a closed cylindrical vessel 7 in. in 
diameter and 7 in. long internally, furnished 
the following results : 


,,, . Volume (Ins 
Mixture y (llu , M f 

Time 

of Explosion. 


Here lids. 

i 

•045 

4 

■042 

4 

•055 


■007 


•087 


•155 






Similar oxporimonts by Bairstow and Alex¬ 
ander on mixtures of coul-gns and air exploded 
at constant volumo but in a much larger 
cylindrical vessel, viz. of 10 in. internal 
diameter by 18 in. in length, from atmo¬ 
spheric temperature, but with an initial pres¬ 
sure of f>, r > lbs. por sip in. (ahs.), furnished 
results from which tho following figures havo 
been deduced : 


... , Volumo Ous 
Mixture vejfime Air' 

Tlmo of Explosion 
(approximately). 


•Seconds. 

■} 

•04 

4 

■07 

l 

•20 

Vff 

•5 

l’l- 

1-0 


Potavel, with a 1: 0 mixture of coal-gas and 
air, initially at 18° C., and at a pressure of 
1180 lbs. por sip in. (ahs.), exploded within a 
Hphorioal stool bomb of 4 in. internal diameter, 
observed a maximum explosion pressure of 
9508 lbs. per srp in. attained in -058 of a second. 
From. those and other results, it appears that 
for uniform explosive mixtures initially at rest 
within a dosed vessel, tho lime of explosion, 
materia paribus, is (i.) less ns tho mixture 
richness is greater, (ii.) greator, with a singlo 
point of ignition, as the volumo of tho con¬ 
taining vossol is greater, and (iik) independent 
of tho initial pressure of the explosive 
ohargo. 


As the mixture richness is increased a 
point is, however, soon reached at which 
the time of explosion is a minimum ; the 
following figures from experiments by Cleric, 
and the Massachusetts institute, 'Boston, 
illustrate this : 


Mixture 
ltd tin. 

Time 

of Explosion with 

Oldham 

(foul-das, 

London 

(ias. 

Host on 
(fas. 

i 

-l(i 

•din 

■08 


•055 

■042 

■or, 

i 

■04 

•055 

■or, 


•05 

■0117 

■llli 

4 


■087 

■on 

.! 

•08 

■155 

■08 

•|\r 

.. 

•;m>5 

•n 

Vi 

•17 


•14 


While with mixtures of (MIH, petrol vapour 
and air, the Boston experiments gave : 


Petrol 

Vapour.- 

Time of 
.Explosion. 

Petrol 

Vapour. 

Time of 
Explosion. 

IVr cent. 


Per cent. 

Seconds, 

1-71) 


2-78 

•088 

1 11(1 

■001 

:mm 

■Olid 

217 

■082 

:)-2ij 

■1)07 

2 ■44 

■000 

:i-45 

■100 

2-o:» 

•038 




On the passage of tho igniting spark tho gas 
in its immediate vicinity is instantly inflamed 
with accompanying sudden expansion ; the 
inflammation very quickly extends outwards 
in all directions, the inflamed portion mpidly 
compressing, and thus beating, the (minllnmed 
portion. Barts of the inflamed gas uro also 
projected into tho miinllatned volume, and thus 
cause the general inflammation to proceed at 
an increasing rate nearly up to the point when 
complete inflammation is utlMined. It is 
dear, thoroforo, that tho Lime of explosion will 
he greater as the volume of gas exploded is 
greater, and also that it will bo lessened by 
having more than ono point of ignilion, pro¬ 
vided the additional ignition points are effoo- 
tive. Further, if a considerable volumo of the 
gas he ignited at once, by a long and powerful 
spark, or a large (lame, the time of explosion 
wilt bo reduced j a small separate chamber 
connected with the main explosion vessel if 
filled with explosive mixture, and ignited, will 
project a rush of flame into tho main vessel and 
so much reduce the time of explosion. Tho 
fihapo of tho explosion vessel has also a marked 
influence, and has nlsu tho position within the 
vessel of tho point of ignition. This latter 
point is well illustrated in Bairstow and 
Alexander’s experiments, using a cylindrical 
vessel 10 in. diameter x 18 in. long, with (lie 
ignition point situated at different points 
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within it; the following nre the times of 
explosion observed : 


Depth of Ignition Point, 
from Top of Vessel. 

Timo 

of Explosion. 

Inches. 

Seconds. 

0 

•1150 

3 

•Ml 

0 

•177 

0 

■I 0<i 

12 

•123 

1/5 

•MO 

IS 

• 145 


Tlio maximum pressure) attained was, in 
each oaso, roundly 220 lbs. pot* st£, in. (alts.), 
and fcho explosion was most rapid when the 
mixture was fired from the centre of the 
cylinder. Though rapid ignition does not 
cause any inorenso in the maximum pressure 
attained, it is yet of importance in internal 
eomhustion engines in order to avoid loss of 
work from a comparatively slow pressure rise 
upon u rapidly moving piston. Accordingly 
in largo gas engines, and in the petrol engines 
of racing ears, it is common to find two or 
oven more igniting points per cylinder. In the 
oaso of a petrol engine tested by Professor \Y. 
Watson, 1 for example, it was found that with 
singlo ignition tho time of explosion was 
O-OOfiB second, and that this was reduced by 
almost one-third, viz. to •0037 second when 
double ignition was used. Increased power 
was obtained when using double ignition, tho 
advantage gained boing groutor as tho revolu¬ 
tion speed increased, as the following figures 
show: 


devolutions 

Horse-power 

Horse-power 

per 

with 

with 

Minute. 

Single Ignition. 

Double Ignition. 








§ ((57) 'J’unntrr.KKOH.—At nil early dato it 
was observed by Clerk that gas engines would 
have been ini practicable, through necessarily 
slow running, had tho rates of explosion been 
as great ill actual ongino cylinders as in closed 
vossol experiments. In the caso just cited, tho 
timo of explosion of tho pofcrol air mixture 
in nil actual ongino was -only -0055 second, 
whereas tho shortest explosion time obtained 
in tho Boston exporimonls—albeit with a 
larger vessel—was '058 second, or more than 
ton times ns great. In larger gas engines also 
the same result is observed; Fig. 30 is ft 
reproduction from a diagram taken by 
Humphrey during n test in 1900 2 of a 500 
h.p. Premier engine using Mond gas. The 

1 I'roc. T.A.E., 1000. 

* 1'roo. Inst. Meeh. Ena., 1001. 


20!) 


cylinder was 28 i in. diameter and the stroke 
SO in. ; tho average revolution speed was 
128-05 per minute. The diagram shows that 
maximum pressure was attained when the 
piston had moved forward only about 4 ' 5 of 
the outstrokc, cwrosjjrmdiiig to a t ime interval 
of only 0-02(i seconds, which is, in this ease, 
substantially Hie time of explosion. Thus 
oven in this largo cylinder the time of ex plosion 
is only about one-half us great us was observed 
in tho closed vessel coal-gas experiments 
above cited. 

This feature has recently received special 
attention, and Clerk found in Homo experiments 
carried out ill 1912 that tho timo of explosion 
in tlio same engine diminished with increase in 
tho revolution speed, and that this resulted 
mainly from the increased rate of inflammation 
caused hy the violent turbulent motion sot up 
by tho sudden rush of the fresh charge into tho 
cylinder during the suction stroke, and which 



persisted during compression; in gas and 
petrol engines during the auction stroke tho 
avorngo velocity of tho entering fresh charge 
through tho inlot valve is from 100 to 120 ft. 
per second. 

Cleric 3 Jiiir carried out further experiments 
showing very strikingly tho important purl 
played by turbulence in reducing the timo of 
explosion in actual ongincs, and thus rendering 
high revolution speeds practicable. Ho took 
indicator diagrams from the name ongino: 

(1) firing tho charge in the usual maimer, ami 

(2) firing tho ohargo after compressing and 
expanding it during pno or two revolutions of 
the crank-shaft, thus giving time for tho tur¬ 
bulence to largely subside. Comparison of llie 
diagrams so obtained slimvs at oneo that the 
offeet of damping down turbulence was to 
retard tho rate of inflammation to a ronmrkablu 
extent, completely changing tho form of tho 
diagram. 

Two of tiro diagrams so taken aro shown in 
Figs. 3L and 32 j tho timo of explosion with 
normal ignition, from A to H, 4 is •937 and -033 

Gustavo Can et Lecture, 111 13. 

• Max. pv occurs at It. 
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seconds respectively ; while a fler a third 
compressiaii of the fresh charge the time of 



Kid. 31. 

explosion inereases to -0t>2 and -078 seconds 
respectively. The cylinder was 0 in. in 
diameter, with 17 in, stroke, and was run at 
180 revolutions per minute 
tmdor full load conditions 
with jacket water at 70° 0. 

Two clootrio ignitors wore 
fitted, one in the inlet port 
at the hack of the combus¬ 
tion chamber, the other at 
tho side of the cylinder just 
clear of tho piston, when 
fully “ in.” It will bo noted 
that in this case tho explosion 
is more rapid with tho side 
ignitor, and that in both 
eases tho time of explosion 
with partly quonohod turbu¬ 
lence is about 2 J- times 
ns great as undor normal 
working conditions with un¬ 
damped turbulence. 

Tims, due to turbulence, 
tho timo of explosion in the actual engine was 
only |th to 1 tli that observed in the closed 

DlAfrmn showing effect of Turbulence, Hud t million 

Flrcrl a /(or 1st, Oompreoslon, lanllton period, A to tl. = -037 Dio j. 

CIO. 3rd. Do. Ignition Period ,A'te U,'='092Soc». 



vessol^ explosion experiments of Ulorlc and 
Ilopkinson, with tho mixture at rest, and 


only about Jth of that observed in Riiirstow 
mid Alexanders tests. Ilopkinson also carried 
out tests in 1012 on Lite effect of turbulence 
artificially produced by the rotation of a fan 
within a closed cylindrical vessel 12 in. dia¬ 
meter by 12 in. long; these experiments 
showed a great reduction in tho time of 
explosion with increase in turbulence. Usiim 
a I : 0 mixture by volume of coal-gas and ah” 
the following lignins illustrate his results : 


llevolutlntis |ier Minute 


of Kan. 

of lOxploston, 


Seconds. 

0 


2000 

■03 

■1:100 

•02 


§ ((58) Calohikio V a Mins and Si’Kcuio 
Huats ok tub Wokkinu Mixtmkkh.—As 
already stated, whatever the fuel used in an 


l internal com bust ion engine, tho working sub- 
Hlnnco after ignition consists of n mixture of 
nitrogen, steam, carlum dioxide und frequently 
u small amount of free oxygon. When tho 
chemical formula of tho fuel or “ earbumat ” 
is known, the heat evolved during eomlmsUen 
may bo readily calculated. In Table I. Homo 
physical constants arc given for tho substances 
involved in Intornni Combustion Engine 
pruotioo. 

In Tables II, and HI. tho quantities of heat 
evolved in the complete combustion of 1 lb., 
and of 1 cub. ft., of various gases, oto., nro 
givon. 

§ (00).—From Tables II. and III. it will ho 
notod that a hydrogen-air mixture contraols 
after combustion to O-Bfill of its initial volume, 
with corresponding reduction in tho pressure 
developed. Further, notwithstanding the very 
high anlorifie value of hydrogen jier lb., its 
excessive bulkme.ss results in a heat evolution 
of only 104/3*4—*18 C.Tli.U. (app.) per onb. ft. 


Taiii.k T 


Svkoiito Wkioiit a no Vi a.e mk ok Casks at 0 °C. 
and Atmohcukuu! Pukssuiik 




S|ierifle 

Weight of 


Substance. 


(irnvity 

1 Cub. Kl. 

of 1 Lb. 


1. 


in l.b, 

3. 

In (!uli. ft. 
1. 

Air .... 

23*0-|-77 N 

11-11 

•08073 

12-387 

Oxygon 

<> 3 

1(1 

■08011 

11-18 

Nitrogen 

n 3 

It 

•»782(i 

12-78 

Hydrogen . 

1*2 

1 

•005511 

178-80 

Water (gaseous) . 

Hot) 

1) 

•05031 

10-88 

Carbon monoxide 

CO 

11 

•0782(1 

12-78 

Carbon dioxide . 

(X) s 

»>•> 

•12208 

8-13 

Jfotlmno (marsh gas) . 

Cii 4 

8 

•01172 

22-30 

Ethylene (olefiant gas) 

‘V*« 

14 

•07820 

12-78 

Acot-yleiio 

< ; gil 2 

13 

■07207 

13-711 

Normal bouzrno . 

<V*a 

30 

•21801 

1-59 










Table IL—Approximate Calorific C alces, etc., of Feels per Cebic Foot at 0° C. axd Atmospheric Presseke 
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of mixture with air :it 0" 0. And atmospheric) 
p1033U re. 

Hydrogen-nir mixtures ure very sharply 
explosive mill when hydrogen is present in 
largo proportion in a gaseous fuel, this properly 
frequently causes trouble through pro-ignition. 
The hydrogen alone would be a comparatively 
poor And troublesome fuel to employ for power 
purposes, though its presence is often beneficial 
in conferring sufficiently prompt inflamma¬ 
bility upon dilute mixtures of other gases. 

iMothune is an excellent gaseous fuel for 
power purposes ; its heat value per cub. ft. of 
mixture with air is 542/10*(i = .01 C.TI 1 .U. 
(app.), and Urns exceeds that of hydrogen, 
while thoro is no contraction of volume offer 
combustion. 

With normal benzene (the principal con- 
stituent of “ benzol ”) and average petrol there 
is an inoreaso of vein mo after combustion. 
With the ordinary coal-gas-air mixtures used 
in practice, thoro is, in general, a contraction 
of volumo after combustion of not exceeding 
about a per cent of the volumo boforo ooin- 
buslion. 

Table IV 7 . gives the approximate amount of 
heat in O.TIi.U. evolved by the eoinbiiHlion of 
1 cub. ft. atO“ < and atmosphorio pressure of 
mixture with air of various gaseous mill other 
fuels. 

Excluding acetylene, which is only employed 
in 11 few very special discs, this Table shown 
Unit llio heat evolved per cub. ft. of mixture. 
ranges only from about Id to fid thermal units 
notwithstanding largo differences in tho 
oaloriilc values per lb. of tho various fuels 
tabulated. 

In Table -V. 1 average ligures are given for 
the gaseous fuels in common use in Htatioiuiry 
gas engines. 

Tho heat evolved per cub. ft. of mixture hero 
ranges from 33 to -11) C.TI 1 .U., although the 
boat evolved by combustion of 1 oub. ft. of 
yita ranges from fib to 2 Do units, 

In these Tables tho volumes of air considered 
aro only such as are just nuflleienfc to ensure 
complete combustion of tho fuel. Generally 
sonic excess of nir is mixed with the fuel ; thus 
tho Continental practice is to use about 20 pur 
cont oxccsH of nir with blast furnace gas and 
producer gns from echo or anthracite, and 40 
per cent to fiO por cent excess of air with coho 
oven gas and town gns. 

In largo gas engines, in order In avoid umliio 
boating troubles, it is found necessary In so 
dilute tho working mixture that M 10 evolution 
of heat per cub. ft. of working stroke swept by 
the piston docs not exceed about 28 O.Th. IT. 
for cylinders of up to 20 in. in diameter, and 
from 20 to 22 C.TIi. tJ. for 30 in, cylinders. With 
gaseous fuels containing 11 large proportion of 

1 From dork mid llurls, Him Petrol mul Oil Kilobits, 
II. (Longmans, 1013). 
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hydrogen, ns, e.g. coke oven gas, pre•ignition 
trouble is often experienced. Clerk lias 
entirely overcome this by diluting the fresh 


§ (70) Si'ioci kio III:at of Gasjss .— ,{Ul ,,f 
tilesi various Tables, the maximum 
turo and pressure attained by the os. £jl* 1 ^ 


Taiu.k III 

AlTltOXlMATB CALOMFIO VaI.UKS Of FUK1.S I'KB Lll. 




OninbiisUuli per !,!>. nf Fuel. 

Cl.Th.M 
ai-olvi-A 1 • 

of 1 l.t> 

, ,1 llv.il 
< Mm IiiIhI l<ni 
,,f I-.IH-1. 

I'll*]. 

1 III), of 

liurnt to 

I.Ijb. of 

t.i.i, -1 

Welijhtuf 1’i-mlnotn fa I- ,M - 

nitflinr 

Vulut*. 



1. 

Oxymin 

m-edml. 

neck, l. 

3. 

Ilnnit In 
Oxygen. 

4. 

Hiirnt In 
Air. 

lllw. Ilf 

Xllrog.-ii. 

fl. 

Vili.li' 1 , 

H. 

Hydrogen . 
Carbon . | 

ir.o 

CO 

00 a 

CO, 

HO 

i 

2-007 

0-071 

34-8 

f»-8 

11-0 

2-484 

0-0 

2- 333 

3- 007 

1-571 

2-75 of CO, 
2-25 of H a O 

5-00 Total 

35-8 

(1-8 

12(1 

2(1-8 

4-411(1 

8-033 

1 -l) 13 

34,170 

2,445 

8,000 

itii,:ico 
s», i in 
H.UIIO 

Methane 

CO a and ll a O 

40 


j 18-4 

13-4 

13,3-10 

iti, i on 

Ethylene . 

CO a and JI a 0 

3-12813 

14-0141 

3- M3 of CO g 
1-285 of lf 2 () 

4- 428 Total 

Jl5-i)14 

11-48(1 

12,180 

i i .-inn 

Acotyleno . 

C0 a nndJf a 0 

3-077 

13-38r.| 

3-384(1 ofCO a 
0(1024 of H a () 

j 14-385 

10-308 

12,140 

1 1,770 



1 

4-077 Total 

Normal benzene. 

CO a and H a 0 

3-077 

r 

13-38151 

3- 3840 of CO* 
0-0024 of 11 a O 

4- 077 Total 

j-14-385 

10-308 

10,000 

0,1 too 

charge with from 10 per eont to 20 per emit, 
by volnnio, of cooled oxbaust gases. By this 
means, the free oxygon is reduced and replaced 
by a mixture of carbon dioxide and nitrogen. 

any mixture of known compiwitimi o«»uiil ho 
readily ealeulaled—apart from limit Uihhcm to 
tho containing vessel--provided tho *«pimilm 
heat of tho mixture were accurately known, 


TAnt.H IV 

Hkat run C'irmo Foot ov Aih-mixtumus, and Nitihiumn Contknt, at 0° C. 
A XI) Atmohi-iikiuo Phkshuuh 


1 Cable Foot 
of Mixture of Air 
nnd 

Composition by Volume 
before Combustion. 

Proportion of Nitrogen 

In Mixture. 

C.‘lll. IF, 
of llortf, fmni 

1 Cnl>l«t jAiot. 

of Mixture 

< I .1 IWlil 1 

Vnl m-.i). 

IH-ii 

fil-l 

nH-i 

C.T.-H 
f»11 -*7 

5I-II 

Fuel. 

Cubic Foot. 

1. 

. Oxygon. 
Cubic Foot. 

2. 

Nitrogen, 
Cubic Foot. 

3. 

before 

Combustion. 

4. 

A flor 

Combustion, 

5. 

Hydrogen 

CO . . . . 

MoUmnu 

Ethylono . , 

Acclylono 

Normal benzene . 
Average petrol 

■204 

■204 

•0943 

■0G5 

•077 

■027 

■020 

•148 

•148 

•1002 

•100 

•194 

•204 

•20(1 

•558 

•558 

•7155 

•730 

•721) 

•770 

•774 

•558 
•558 
•7155 
•730 
■721) 

•770 

■774- 

•054 

•(154 

■7155 

•73!) 

•758 

•700 

■735 

Jho total mass of the charge is maintained, For a small range o] 
wliile tho addition to tho inert gases reduces its 0. to 200° C,, tho hog 
nfInminability, and thus prevouts the occur- “ permanent ” gases 
reneo of pro-ignition oven in sustained heavy value, and are given 
end running. Consider, for oxan 

temperature, an f»-<3in o'> 
'ilic licatn of tho ordinary 
are roughly ennatnnt in 
in Tftblo VI. 

plo, 1 cub. ft. of C:!0-air 
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:mki 


mixture at 0° 0. and atmospheric pressure. 
From colitimi (i of Table IV. thin evolves 
cm combustion 55-0 C.Th.U. of bent. Also, 
from Tables I, and IV. its mass is given by 

■204/12-78+700/12*387 ~*08 lb., while from 


kinds nil agree, however, in showing Mint 
no such high temperature) ns 4HJW’ C. 
(aim.) is ever oven approached; and that, 
in gcnoral, tho inaxinumi temperature (and 
consequently pressure) realised in constant 


Tahoe V 

Aveuacib Ualokuto Values of the Usual Gaseous Fuels feu Cubic Foot at 0° O. 
AN I) AtSIOSI'HBMO I'llKSSVIUt 




Mature ot Gas. 







Suction Producer. 

It last 

Item. 



( Vlh'O 

Mend 

Gas. 






f!ns. 

Oven 

Gns. 


From 

From 

From 

Furnace 

(ins. 





Anthracite. 

(•nUe. 

Anthracite. 

Coke. 



1. 

2. 

3. 

4. 

fl. 

0. 

7. 

8. 

Cub. ft. of air required per \ 
mil), ft. of gas / 

5-0 

■10 

11 

11 

, • 

003 

. 04)2 

0-75 

Volunio of mixture for 1 
cub. ft. of gns (A) 
C.Th.U. evolved on com- 


«0 

50 

21 

21 


1-03 

102 

1'7B 

plcto combustion of " A ’ 
(lower value) 


205 

235 

80 

80 

77 

77 

77 

r>o 

C.Th.U. on complete com- 










bastion of 1 cub. ft. of 
mixture (lower value) ’ 


40 

47 

42-1 

42-1 

* * 

40 

■10 

33 


'ruble VI. it is clear that k v may be taken at 
tho vuluo O'17 C.Th.U, per lb. for tike mixture. 
If, then, this 1 cub. ft, of CO-nir mixture be ex¬ 
ploded at constant volume, with Z:„ constant in 
vuluo lit O'17, and no heat loss to tho containing 


volume explosion experiments is, roughly, 
about one-half only of that indicated by 
calculation made in tho maimer ns just illus¬ 
trated. Thus Table VI1. contrasts actual with 
calculated temperatures and pressures from 


Tamm VI 


Aykraob Si-iiomc Heath, kto., of Cases iietwken 0*U. and 200° (!. 


Gas. 

Specific 
Gravity 
Hydrogen-1. 

1. 

Density In 
libs, per 
Cubic Foot 
ut 0° C. anil 
Atmospheric 
Pressure. 

2. 

Average 

Sped lie Heats 
in U.Th.lJ, per Lb, 

ll» 

J (As,, - Ay) 
In 

Ft,-lbs. 
per Lb. 

0. 

kji. 

*“Av 

. 7. 

kr for 

1 Vlthfo Foot 
of Gas 
lit O" G. and 
Atmospheric 
Pressure, 

8. 

*i>- 

3. 

kr. 

4. 

A-,.-A*... 
5. 

Dry air 

14-44 

•08073 

•2375 

•1089 

•0080 

00-0 

1-400 

4)1303 

Oxygen 

10 

-08044 

•217 

•155 

■002 

80-8 

1-103 

•0138(1 

Nitrogen 

14 

•07820 

•244 

•173 

•071 

0(1-4 

1 -too 

■01354 

Hydrogen . 

1 

•00559 

3-400 

2-400 

1-003 

1404 

1-117 

■01345 

Carbon monoxide 

14 

•07820 

•245 

■173 

•072 

100-8 

1-110 

4)1354 

Steam . 

0 

•05031 

■40 

•37 

•12 

108 

1-32 

4)18(1 

Carbon dioxide . 

22 

• 12298 

•210 

■171 

■015 

03 

1 -203 

4)2103 

Methiuio 

8 

•04472 

•503 

•407 

•120 

170-4 

1-270 

•02088 

Ethylene . 

14 

•07820 

•404 

•332 

•072 

100-8 

1-217 

■02898 


vessel, there would bo attained a maximum 
temperature T and pressure p (both aba.), 
such that G.'Wi —-08 xIT x(T-273), whence 
T—43G3 0 C. (ala.) mid 

P = T = 
i-t'8 273 J ’ 

whence p = 2*i(i lbs. per sq. in. abs. 

§ (71) Expehimemtat, Results. —Tho very 
numerous experiments that have been made 
upon explosive mixtures of many different 


constant volume experiments by C’lorlt with 
Oldham coul-gns-mui-ivir mixtures initially at 
290° C. (abs.), and 14*8 lbs. jior «<|. in. 

With roforonco to the figures given in 
oolumn 2, which are calculated from the actual 
maximum absolute pressures ulluined (column 
1) by aid of tho formula T/< 0 ~jtfp u , it may bn 
observed that these (lo not give the hiyheal tnm- 
peratures existing at tho instant of maximum 
pressure, but uro merely averuye.*. Them >k a 
liot nucleus of gases at considerably higher tom 
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pcraturo than those of tlio portions nearer tlie 1 heat of air remained sensibly eminf :,ltl1 ' " hil" 
coolenclosingwalls—nshasalrcady been pointed 1 that of C0 2 incronsed by nearly |S J. K!! C l * ,l l .' 

‘ Mallard and X-o <■ Ahaloian;, 


Taiu.k VII 

Explosion OK Mixtures ok Oi.ihiam C!as anji Air 


Muxinimii, Actual. 


■‘manrn 

Atlailki'it, 

J.lw. |»r Hij. 
III. AIM. 


TiUiiihitaHir .1 

Oalciilatcd 

from 

I'naiiinn 
° 0. AIM. 


Mnxliiiuiti 
ToiiiiH-raluru 
° 15. Alia. 


Maximum 
K,unsure, 
l.lu. litfr Hu, 
In. Alu. 


Hat lo of 
Actual to 
•"lTuumiili.il ” 
TfiuiKinituriM 
ami 

1'ltMSIIriM. 


and Borthelot, fro** 1 
monts upon 

explosions of mixt-i* 
ally at atmospheric* prt'»J'uif, 
deduced values of /•„ 1,,r ,,v| "' 
peratures up to 2000 ° < • f° r 
air, steam, 00.,, jv-U'I oilua' 
gases, and coiiclu<It?*l Llm-t 
sjieeidc heat iuernn h< *fl mm- 
sidcrnbly with tlio t.nm|)orn- 
ture in all the iius(;h cixumined 
by thorn. It, i.s t'liai', 

however, that noin Fmalion 
had ceased who” Mittir 
measurements we co I n Lou. 

Early oonstatit-p rcMaum ox- 
periments by J !< >11 << ■ oud 
Austin on Air, OxyK 4 " 1 - a,,e * 
Nitrogen, with Lrat- 


out in jj (50); the figures given in column 2 
closely approximate, however, to the mean 
“ maximum ’’ temperatures actually attained. 

§ (72) Variation ok Si’Eoiito Meat. 1 —The 
characteristic equation of an ideally perfect 
gas is pu=ltT . . . (12), whore it is the 
difference of tho constant specific heats, k p and 
k v , and is therefore also a constant. 

Bub this equation is true for any fluid 
whereof the specific heat I: v is a function of the 
tomporatmo only, provided that tho difference 
of tho two spccilio heats remains constant, and 
such a fluid will oboy Boylo’s Law exactly at 
nil temperatures; this, however, will only bo 
true if both k p anil /;„ aro independent of tho 
density of the fluid. 

July found both for air and CO a that k„ 
appeared to increase slightly with density ; 
thus in the ease of 00 3 : 


At Pressure, 
Ibs./Sq. .In. 
Alls. 

Density 
(Water-1). 


100-5 

•01153 

•1084 

320-5 

•03780 

■1738 


an increase of about 11 per cent only. In tho 
uaso of hydrogen tho spcoilic heat appeared to 
decrease slightly with increase of density. Tim 
variation with density has, so far, been fronted 
as negligible, and experimentally obtained 
values of specific heat at various temperatures 
aro resumed by empirically found functions of 
temperature only. 

§ (711) Relation between k v and Tem¬ 
perature. —Regnmilt examined the relation 
between k p and tompomtiiro in tho oaso of air 
and CO a , mul formed tho conclusion that 
botween -30° C. and -i-200° C., the spcojflo 
1 See “ Gases, Hpcelflo Ilcat of.’* 


ing of tho gases, lompomturos boinj-S ineiimirod 
by a thermopile, mid hnat-quuntitieM l»,y rultiii- 
motor, furnished the following resii 1 t.H : 

Tabus VIII 


Mean k,, nut Am, Oxvuen, and Nitiuhio 
20-800° C. (ORDINARY) 

(llolborn and Austin) 


For a 

Mean Value of 

A-** 

Temperature 
Itinipe from 

Air, Oxyiwn. ! 

1. 2. 

is' M 1 - 1111011 . 
a. 

20~lJ0 n C. 

•2300 •2240 

*:M in 

20-030 

•2420 -2300 

•it mu 

20-800 

•2430 

■i!UJ7 

Thus k„ inoreaHos, though but slowly, in ouch 


case. Later exporimonts by IIoUhhii mid 
Austin made at Berlin, 2 using tho miinn mol Imd, 
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TJioso results imlioato substantial increases 
in f-' v with rise of temperature for all the three 
senses. Holljom unit Austin have also calcu¬ 
lated the valuo of h v for CO® at temperatures 
from 0° C. to 800° 0. from their own results 
anil also from those of Langcn’s and Mallard 
and Lo Oh atelier’s exporii neats. The ligures 
are given hoiemulcr: 

Taiij.k X 

Values op t p fob CO, kuom 0’ 0. to 800° (J. 

(Oriumahv) 

(Cal dilated hv Hoi horn and Austin) 


At 

Temperature 

°C. 

Value of lr p 

from 

Holborn 
nml Austin. 

1. 

LaiiRcn. 

Arallnril and 
J.cCJmtelier. 

3. 

0 

•2028 

•1080 

•1880 

100 

•21111 

■2100 

■2140 

200 

■2285 

■2220 

•2300 

•100 

•2502 

■2450 

■2810 

GOO 

. -2G78 

■2000 

•3230 

800 

•2815 

•2020 

•3350 


Holhom and Austin and Lftngen’a results 
nro concordant, while thoso of Mallard anil Lo 
Ch it teller show a much faster rate of inoranso 
of k p with tomporaluro than either of the 
others. 

§ (74) Clkuk’s Exi’kiumknt.s. 1 — In dork’s 
experiments both pressure anil volurao wore 
varied simultaneously, the gas experimented 


upon being the mixture after explosion in a 
gn s-engine cylinder hold ml a moving piston. 
1 Troc. Roy. Sac. A., 10011, Ixxvll. 490. 

VOL, I 


The composition by volume of tho mixture 
after oxplosion was as follows : Nitrogen, 75-0 
per eent; steam, 11-0 per cent; our bon di¬ 
oxide, 5-2 per cent: oxygon, 7-9 per emit. 

Hence from Tables I, and VI, wo have for 
I cub. ft, of this mixture at 0° 0. ami nlmo- 
spherio pressure: 


OoiiHlituciit. 

1,'uli. FL In 
i mil. Ft. 

Of tll.l 
Allxturc. 

1. 

woii-iit, in r.i,9. 
In 1 (Jul). Ft. 

«l 0 ° (). nml 

At ijimjihcrlo 
I’rewuc, 

2. 

C.Th.W* per i°<l 

Itfit? of 'i'oin|u‘rt«lMMi 

(min o-‘joo n O- 

aftritmlily with 

thMh vr. (at 
l.'bllhluut Vein lilt!). 

Nitrogen 

•750 

■0587 

■010155 

Steam .' 

-no 

■00(10 

•002213 

C0 a . 

•032 

•00(14 

■001004 

Oxygen. 

•070 

•0070 

■0010115 


1-000 

■0781 

■014557 


Thus 1 oub. ft. of tho mixture, measured at 
0° C. and atmospheric pressure, weighs '07111 
lb, and agreeably with Tallin VI. should have 
a moan k v between 0° O. and 200" of 
•014507 C/L’h.U. or, in work units, 20118 ft.-lhs. 

On roforring to Table XT, it will be seen 
that the value of /,•„ at 1.00" (!. from uefunl 
experiment was 204)0 ft.-lbs. ; thus I Ho experi¬ 
mental ami onion luted results lurro agree very 
well. 

After explosion the ordinary working ntrnko 
was performed, hut instead of release Inking 
placo near tho end of the stroke, belli valvun 
woro kept dosed while the 
ornnkshnft continued to involve 
through tho momentum of the 
engino ily-whcel, Hum alter¬ 
nately compressing and ex¬ 
panding tho entrapped mixture, 
An indicator diagram was 
taken, recording Uu> changes of 
volume and pressure undergone 
by the gases. 

Tho gain of internal energy 
by the mixture during com¬ 
pression from nuy point A to 111 
{Fig. 33) 1b equal to llmoxlemnl 
work (MADN) done upon the 
mix turn in coniprcHsing itmimi.? 
tho heat lost to the cylinder 
wnlls in tho interval ; while 
during any expansion period, mi 
.110, the Iohh of interim I energy 
iH equal lo the oxlonuil work 
(MH(JN) done by flic mixture 
in expanding from 11 to (!, pln.i 
tbe loss of limit to l ho cylinder 
walls. 

Tho extonml work in readily 
obtained with cmiHidomblo aotmraey by ptnni- 
motrio measure incuts of tho diagram, wliilo tho 
ohanges of temperature can bo oahuilutod from 


Ta nr.K XI 

ArrAiiENT SrnciFio IIrat k„ pbom 0° C. to 1500° (,’. (Oudixauy) mu 
C'uino Foot or Wouiuxa Mixtuiik at 0° U. axo Atmohviihiiio 
Pmhhsuhh 


Tciuperatures, ° 0. 

Vnlucs of kv per Cubic Foot. 



By Experiment. 

By Calciilfttton 

Ordinary. 

Absolute. 

In C.Tli.U.* 

Ill Ft.-lbs. 

from 

liquation (73’), 
in Ft.-lbs, 

1 . 

2, 

3. 

•1. 

c. 

-273 

0 



14 0 

0 

273 

•0140 

1041 

1D0 

100 

373 

,41400 ' 

£0-0 

21-0 

200 

473 

•0157 

22B 

22-2 

•100 

G73 

•0171 

23‘0 

24-0 

600 

873 

■0180 

£5-2 

25-2 

800 

1073 

•0187 

20-2 

20-1 

1000 

1273 

•1010 

2G-8 

20-7 

1200 

1473 

•010-1 

27-2 

27-1 

1400 

1073 

•0105 

27-35 

274)8 

1500 

1773 

•0100 

27-45 

27-48 

CO 

CO 

(.0200) 


28-0 


* Compare with column 8 o£ Table VI. 
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simultaneous values of -p and v taken from the 
diagram, by aid of the relation pvlp 0 v 0 ~TjT 0 , 
provided tlio tomporature T„, at any ono point 
p 

Apparent Specific Heat of Gas Engine Mixture 
Clerk's Experiments 



Temperature ° 0, 


of the diagram be known. The loss of heat 
to tlio cylinder walls was estimated by a 
comparison of the compression ourvo with 
the immediately following ex¬ 
pansion curve on the assump¬ 
tion that the total heat lost by 
the mixture during any, the 
same, part of tlio stroko is 
the same during expansion ns 
during compression for the 
samo moan tomporature. 

Clork expresses the Apparent 
Specific Ileat, k v , thus deduced, 
inft.-lb. poroub. ft. of mixture 
at 0° 0. and atmospheric press¬ 
ure j tlio corresponding values 
in C.Th.U. per cub, ft. arc 
added in Tablo XI. His results 
are very closely resumed by the 
equation 

* u “®v = a(1 " A£_n,) ’ (73) 

whore a, b, mul l are constants, 
and T is alisoiuto temperature 
in °C. It will bo found that 
A =28, /> = •/>, and U-.-. 0018(5. 

For purposes of computation 
equation (73) is more conveni¬ 
ently written 

- -000808T, (73') 

and values calculated from this 
equation are given in column 
() of Tablo XI. for comparison 
with those experimentally de¬ 
termined, The empirical cqun- 


Or, A - ,,, k vo being values of 
heats at T, T 0 respectively. 


the. 


nppa' 


nf; fqieoilitt 


II-If 0 =rt(T-T 0 )-- t (A„. 




CM') 


By aid of this equation, mul of tt<| nation 
(73'), Table XTa lias been eahmJn I, Riving 
values of k v for this gas-engirvo *(il-xt«trn at 
every 300 degrees from 0° (j. to SifHXl" *3., 
togother with values of tlio intonml energy 
(H-HJ, in ft.-lbs. per cub. ft. at O” <uinl 
atmospheric pressure, relatively (•> O r> < ! . as 
ail assumed zero. 

On p. 20 of the llh iteporl of the. i'-lxpIn- 

sions Committee of the British yl ststtcitilion 
(1914), a ourvo is given showing tlio v«>'iniii>n 
of internal energy with tonipem.hur«» fi>i‘ this 
mixture. This curve is coiisulorcMl t>» best 
resume tho most reliable oxporiinoi.xt-a I i i’nulta 
available; it is reproduced in Fif/. 33a. For 

Taiii.u XTa 

Vai.uks of A; r axu (U-U„) fok (!as Knciikt: JIixti/kk 
(From Clerk's experiments) 


Ordinary. 

0 

100 

200 

300 

400 

500 

000 

700 

800 

000 

1000 

1100 

1200 

1300 

MOO 

lfiOO 

1000 

1700 

1800 

1000 

2000 

2100 

2200 

21(00 

2400 

2000 

3000 


Absolute. 

273 

373 

473 

573 

073 

773 

873 

073 

1073 

1173 

1273 

1373 

1473 

1.773 

1073 

1773 

1873 

1073 

2073 

2173 

2273 

2373 

2473 

2073 

2073 

2773 

3273 


/v 

In Ft.-lbs. 
from 

liquation (73'). 


104} 
21'0 
no. o 

23- 2 
24 0 

24- 7 1 
20-2 
20-7 
20-1 
20-4 
20-7 
200 
27 1 
27-24 
27-38 
27-48 
27-00 
27414 
27-01) 
27-70 
27-70 
27-83 
27-80 
27-88 
27-00 
27-02 

27- 07 

28- 0 


, y 

from 

liquation 

(75a). 


1-300 
1-300 
1-3-10 
1-334 
1-323 
1-314 
1 -307 
1-302 
1-207 
1-204. 
1-200 
1-288 
1-280 
1-28-15 
1-2830 
1-2820 
1-2812 
1-2801 
1-2700 
1-2703 
1-2780 
1-2785 
1-2782 
1 -2780 
1-2778 
1 -2770 
1-2771 
1-2700 


li 


II - II.. 

i 

I'roin 

lOtliinl loit (74’) 
(1 

2,017 
<*, 2C OJ 
ti, -1(5/1 
H.KtU) 

11 ,-ir.H 
i:i,7Hn 
10,321 
IK,111 Ml 

2 i ,r. 11 

im, i*:i 

iin./ttiH 

at-MMKi 

t 

'Jo, ft;! I 

'fn.ltfil 
■fS.H 1 11 
l ,rii>7 
fi'i,ri70 

r> 7, ir>n 

fMJ.U 1(1 

<17S,f»27 

*70,nuo 

rjr> 


tion (73) makes k v increase from 14-0 at the 
absoluto zero of temperature, to an asymptotio 
value of 28-0 when T is infinito. 

§ (75).—Integrating equation (73) gives for tho 
inorenso in internal energy in this ease, from tem¬ 
perature T 0 to temperature T, 


H—Ho 


m(T-To)-|-|(e- 


(74) 


comparison there is shown also ( lt«i mirvo 
obtained by plotting (H-H„) agniimh T from 
tho figures given in Table XTa. T.h will bo 
scon that tlio two curves agroo vm-y u-ull 
from 0° 0. to 1(100° C., but that at tom |nna¬ 
tures above 1000° C. tho Conimittoo'H ourvo 
rises somowhat abruptly above bho iiIIhh-, 
Tlio ourvo of equation (74') results from Cloclt’a 
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figures as given in Table XI., and is a regular 
oui've with equation (74) as its Cartesian equa¬ 
tion, It has nil asymptote H =28(T - T 0 ) - 451(5, 
to which it rapidly approaches, as indicated 
in the diagram. 


§(70) Vai.uk or 7 kor tiib Mixture, — Here (lin 
rdntion jiu=c'T gives 

„„ ib. 

As I eub. ft. at 0° C. and atmospheric pressure weighs 



Tlio mean value of k v bolwcon T 0 nml T is 
H—Ila/T-Ta, and is (horeforo ex pressed by 

• • (70) 

o A w J-o 

Udimalion of H-If 0 from tlio Indicator Diagram, 
—From equations (13) and (74'), all quantities being 
in work-units, wo have 

H - II 0 «ir('L'- T a )~ die - k n ) -1- f V pdv ; 

1 Jvo 

as ^juhRT, this may bo written 

« 1 f v 

JI - IIo-’^pu-poVo) - -p v ~k vo )+j pdv. (74") 

rv 

As p, v, p 0 , v 0 , and I pdo nro immediately doter- 
J v„ 

ininablo from llio indieator diagram and k v and. 
&Vo tiro known from, c.g., Table XI. for tlio values 
of T corresponding to pv and p 0 v 0 , it is clear 
tlmfc equation (74") enables H-H 0 to bo readily 
ascertained. 

If in ony specific easo tlio expansion (or compression) 
curve can bo resumed by nil equation of tho form 
-jyv^—a, constant, tlion in auoh case wo have by aid 
of equation (33) 

II — ll 0 = (pv—p u Vo)—^k v —k V o), (74") 


•0781 lb., c' per oub. ft. -00-25X 0781»7-7f> ft.-llw. 
Also, heat quantities being expressed in ft.-llw,, 
k v -k v >=>o'=»7-7fi. iiiit k„-k v =*k v (y~ I); liotien 


TIiuh, from Tabic XI. wo lutvo 


Taiii.k XII 

Values or 7 prom Values op *•„ given 
in Taiii.k XI 


Tomjicruturo 

Alls. 

h 

Ft.-lbs./tJub. Ft. 

y 

from 

liquation (75 a). 

0 

14-0 

1 -nna 

273 

10-G 

1 -300 

373 

21-0 

1 -300 

473 

00,0 

1-341) 

(573 

24 0 

1-323 1 

S73 

25'2 

1 -307 

1073 

20-1 

1-207 

1273 

20'7 

1-200 

1473 

271 

1-2H0 j 

1073 

27-30 

1-283 

1773 

27-40 

1-282 

00 

28 0 

1-277 


These values of 7 nro plotted against tlio correspond¬ 
ing absolute temperatures in Fiy, 34. Fur any 
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temperature interval the mean value of 7 onn bo 
readily obtained eithor from this curve, or more accu¬ 
rately by aid of equations (7.7) and (71U). An approxi¬ 
mation to the ndmbntie curve for the mixture can 
then be obtained by assuming 7 constant, at its moan 



Fig. a t. 


valuo over n number of successive small ranges of 
temperature, and drawing a series of curves within 
eaoli range agreeably with tho equation pvt =constnnt. 

From equations (0), (12), (12), nnd (7a) wo obtain 
ns the equation of entropy 

</>- </>o=u log e ^7 j -|-c' log e 

-ab./ --rfT, (7f»n) 
•'To 1 

wlionco, putting </>- 00 = 0 , wo Imvo for the adiabatio 
equation 

0 ' log . (i) log . (|). (75o) 

Tho impossibility of oxpressing tho integral 
i £ — lT 

I -jp-tlT ill Gnito torms renders these two nquations 

unsuitable for arithmetical compulation. When ii=0, 
equation (7oii) roduecs, of course, to cqmiUon (40). 

$ (77) Cr.KRK’s ItKsur.Ts. — Referring to 
theso res ul Is of Cleric, Calloiulur 1 romurkH : 
“ Since the temperature of n mass of gas whim 
oxpludcd in a closed vessel or in tho cylinder 
of it gns ongino is far from uniform, and since 
tho actual distribution of temperature is 
necessarily somewhat unoortain, it is ovidont 
tlmfc tho variation of tho spcoiTio heats of tho 
constituents with tempomluro cannot bo 
certainly deduced from a knowledge of tho 
lioats of combustion and Lho effective 
tomporaturo. . . . 

“ It is possible, however, by explosion 
experiments to dcduco values of tho apparent 
or ‘ effective ’ spodlio lieals which, in so far 
as they approximate to tho conditions existing 
in an actual gas ongino, may bo of greator 
practical utility than tho truo speoifio hoots. 

. . . Tho method of Dugald Olork in wltioh 
tlio spooific heat is directly determined Rom 
tho work (lotto on ‘tho charge after ignition, 

1 Explosion8 Committee of Iirillsh Associa¬ 

tion, 1st lieporl, 1008, p. 27, 


appears to lie particularly appropriate for tills 
purpose.” 

It will bo observed that Cleric’s results are 
somewhat higher than those of others; 
Cnllcndar has stated (ibid.) that the values 
of the specific heats deduced from explosion 
experiments usually come out highor than 
those obtained by moro direct methods, and 
considers thajb tho errors incidental to both 
methods require further investigation. 

§ (77').—According to lho kinetic theory of gases, 
their internal energy is tho sum of tho translational, 
rotational, and internal-vibrational energies of their 
constituent molecules, Of these, tho tnmBlatioiinl 
motion nlono causes tho gaseous pressure; the 
iiitcnml-vibrnlionnl produces radiation; whilo die 
rotational appears to liavo no external physical elfcet. 
Callondar ‘ l points out also that theory indicates 
that the energies of molecular translation and rotation 
should vary directly ns (ho product pv, whilo the 
vibrational onnrgy should vary with tho temperature 
agreeably with a formula of tho exponential typo 
a ( t fl/ A 'J-_ 1 )“ i. This is symbolically expressed by 
writing 

It “internal energy ■= fpu -| a(ePA T - 1 ) “ l , 


whero f, a, ft, and X nro oonstnnta. 

Tho product pv, thougli very nearly constant, 
appears to bo expressible ns a function of p nil( j 
T; thus Kelvin (Math, and l‘hi/s. Papers, vol. i.) 
found that for tho usual permanent gases, including 
C‘() s , an equation of lho typo p»>i»c'.l.’- 6 (p/T ) 2 will 
rcHUino tho observed fnols. Taking this, wo imvo 
]I=(cT- mp/Tft-\-a(tM Ai ' - 1 )■ 1 J wlionco 



1 * „>,P* «/? c/VAT 

" ,,= C 4 T^T 


(a) 


From these eoiisidomtions it seems just possibio 
(lint tho oxlromo olosenoss with which Clerk’s 
oxpei'inioniul resulls nro rammed by equation ( 7 . 7 ) 
may ho somewhat moro than a coincidence. 


§ (78) Vautahi.k Sonoma Hkat.h. —In an 
ideal perfect gnu both k v and h v nro constant, 
and tlio quantity It in tho cliarnotoriHtio equa¬ 
tion pv =RT . , . (12) being equal to k v - lc u 
in aim) constant. But, as has already Iicon 
pointed out, equation (12) is also truo for fluids 
for which /„•„ and h v arc any fimoiiomi of T, 
provided only that (/,•.„ - k„) in constant; and 
finch fluids will obviously obey Boyle's Law, 
since pv will still lie constant when T is 
constant; Supposo, then, that /,■-„=F('J') nnd 
X , J) =R(T)-f-R; if heat rfH bo supplied to 
unit mass of such a fluid wo shall have by 
equation (13) all liont-quuntitics being ox- 
pressod in work-units: 


dll = R(T)dT -l- pdv. . , (13') 


If tho changes ho isothermal, dT=0, and 
henoo whfttovor I*’(T) may bo, wo must have 
dH=jj<to=external work—ns in tho ease of a 
perfect gad already considered. As by equa- 


J Ibtd. p. 82. 
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tion (12) p-lljTfv, equation (13') gives at 
onco ns tlio equation of entropy 



SSW+B* 

T v 


. (70) 


Putting (h{i=0 gives as tlio diiToicntinl equation 
to the adiabatic, 


TO 

T 


r/T-f-R 


dv 

v 


0. 


■ (7?) 


§ (79) Valuics op K w .—It is now fully 
established that k v for gases is nob constant 
but that it increases with tlio temperature 
(niul probably changes slowly also with 
density), and the results of experiment are 
very commonly resumed by simple equations 
of tlio form 

k v =aH-/3T. . . . (78) 

Thus Clerk lias given the following ns fairly 
resuming Mallard and Lo Chatolior’s experi¬ 
mental results: 


Gas. 

A'i>“a = 

Nitrogen .... 

iStcam. 

CO a . 

Oxygen .... 

■171-I--000021CT 
-31 IC.-|-'000182T 
•M23-1--0090834T 
■lot) -I--0000188T 


in C.Th.U. per lb., and 'I. 1 in 0 C. (abs.). 

It may bn pointed out horn Hint in all canes when) 
the efficiency of a cycle is expressible by equation 
(71), any inercaso in tho value of k v iliiiiinixhcs tlio 
eltieieuoy, anil vice versa, for denoting eflioicnoy by 
y, and putting R/k v (or (y- 1), equation (71) becomes 

miy*. 

i?-l~ (-J ; . . . (71 a) 

ii ud diftorentinting nil aoross with rcapcoRlo k v gives 


/1\ ll t kv . (\ 

A R / 

\ \ I l/kv 

(?) l08 '(, 

>/ *T a V 

p) lo & P- 


(711.) 


Ah It, k v , anil p arc essentially positive, ami p is 
always > 1, ilyjilk v is always negative, mill thus di) 
and dk v havo opposite signs. 

§(80) Estimation op H - Il 0 phom Indi- 
OATOU DiACMlAMS. —When k v is expressed in 
tlio simplo form as given in equation (78), wo 
have for tlio inorenso in internal energy at 
constant volumo corresponding to a change of 
tomperaturo from T 0 to T, 

H - H 0 =«(T -To) + -TV). (79) 

Prom equations(13) and (79), when v changes, nil 
quantities being expressed in work-units, 

H- Ho*=a(T— T 0 ) +(*(T a - T 0 a ) + I °pdv. 

& -'Vo 

As pr=RT , , . (12) this may bo written 

II - II 0 =(pu-po»o) -H> 0 i>o) j + I 2><h, 

(79') 


and all tho quantities on the right-hand side of Ibis 
equation being immediately determinable frmn tlio 
indicator diagram, tlio value of M-M„ in known 
when using any working mixture for which a ntul (i 
and It havo been previously ascertained. 

Whenever (he expansion or compression curve rim 
be expressed in tlio form ]in n ~ constant, equation 
(79') by aid of equation (33) takes tho simplo form 


II - II 0 =<f»w - Wo) | ^ n -I- -l-Pfli',.) |. 

(79") 

Also ei|nation (7<i) hccomes 

(!+/*) • • (»•>> 

tlio differential equation of entropy, giving on 
integration 

^-0 o =alog P Q^ -|-/I(T-T 0 )-|-R logu >( K[ ) 

whence, putting </t~ r/) 0 «=0, wo bavoiis tho iidiultiitlo 
equation in terms of wand T, 

«i«Ke +TI log, -l-/i(T-T 0 )~0, (.32) 

which is also sometimes written In (he form 

T Wu\ It/KT-T,) 


(TO 


-i. 


TO 


Erom tho relation pa^ltT, cqiiatiiiiiH (82) mid (82'| 
may also appear mi 




(83) 


Jl \ “ / V \ « I' It /l/JK/W - • Pi'l'a) 


0*0 


1. (HU') 

(it-l-R) log c -J it log el-/)(T-T 0 )-0, (HI) 


-1. . (HI') 


On putting equations (B2), (H!i), nml (84) rcilueo 
li> equations (22), (20), mid (21) respectively. 

Tho nilinbutio curve may bn drawn from a given 
initial condition {p„t' fl T 0 ) by assuming any T and 
thcnco determining tho corresponding a from equa¬ 
tion (82) or p from equation (8-1); tho remaining 
quantity is (lien immediately found by aid of tho 
equation pe«=RT. 

§ (81) Otto Cvor.B with VAiuAnr.ii Kpkoiito 
IIkat. — It is of inlcrcnt to compnro tlio 
cflicionoy of tlio Otto oyclo using n lluid of 
vnriablo specific heat with Unit obtained nn 
tho usual simplifying nssumption Uuib };. v is 
constant, as in §§ (30) and (45) ; tho tint a 
assumed are ns in § (51), viz. t a --3(X)° 0, (ubu.), 
f fl = a00° 0. (nbs,), T—2000° a (abs.), ami 
p 0 =14-7 lbs. per fiq. in. (abs,)} see Fig. 21. 

Instead of nil 1 , tho working fluid is now 
1 oub, ft. at 0° O., and atmospheric pressure, 
of Clork’s gnB-onghio mixture ns described in 
§ (74), obeying tho law 

l‘il2 )w —7'75'iT. . . (12'") 
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Tim variation of /.•„ with lompcrntiirc is 
exhibited in Fuj. 8i>, plotter! from 'Pablo XL, 
and from this curve the following linear 
formulae ftro easily deduced for the value of 
l: v over the four temperature ranges taken: 


TemiHU'al.iire Itange in ° C. 

/.•„ in l-'fc.-lhs./CJuh. ft. 

« M’i'. 

(Alis.). 

soo-goo 

1U-8 + -OUT 

(101)-1000 

19-05-1- -000251’ 

1000-1500 

23-2-1- *00271 

1.100-2000 

20-5 + ■00051’ 


'Then to obtain points on the adiabatic 
compression curvo wo have tiio relations 
ti = (*100/273) x 1 = l’(K)80'Ciib. ft., whence equa¬ 
tion (82) becomes, using common logs, 

lO Slog (;~)+7-761]og (jToSSn) 

•|-43‘f3 x *011(T - 300}=0. 
Assuming a scries of values of T between 



300° C. and (100° 0., Ibis equation gives 
immediately tho corresponding values of v; 
and pis then found from v by aid of equation 
(12"). 1‘roeoodiiig in this way wo get 

t= 3oo :ino doo coo r»oo 
10980 0-7330 0-flllS 0-273(1 O'1500 

p- 14-7 25-7 <12-2 08-5 202 

from which tho compression curvo can bo 
plotted. ’ The explosion pressure I* is obtained 
from I 'llte~'l'll 0 i thus substituting tho values 
I*=202 x (2000/000) =073*3 lbs. por «q. in. 

I ho adiabatic expansion otirva may next 
bo obtained by tho sumo method as that 
adopted for tho compression curvo, Inking 
a =20*5 and /7 = -0005 from 2000° G to 
lfiOO 0 C., amt a— 23-2, /3=-0027 from 11300° 
C. to 1000° 0.; tliis furnishes tho following 
figures: 


T« 2000 1900 

1050 

151)0 

1250 1100 

■ •159!) -1018 

•3156 

•4413 

•8300 1-28 

■ G73 532 

282 

183 

81 40 

Tho pe-dingram 

plotted 

from 

thoso results 

is shown in Fig. 

30; it 

will 

bo noted, by 


comparison with tho results <.b| ,, n|l .| 

for tho cuso in which l\, is ,., t 

working between the. smno limits t 
ture, and with tho sanio (,-m|i.-, ... 
compression, the ratio of t«xjian 
variable specific boat is (1-K7. its t un,;, Ul 
0*4-7, when k v is constant; while tin- tl ., 
jiressnro with variable /•„, dni' l>. if,, 
cnniprcssion ratio, is also gn-.-ih r il, . 



in tho simpler case. In an aelimi 
total oxpnnsion ratio is lix.-d ; p,j, ; 
at fi-47, as in tho euso of tj (,,|), ;1 

havo for tho volume dining 
v 0 = 1 •0080/6*47 = 0-2001) ouh. fc.'j it.., . 
spending compression (<<m|iniMim> k •/ 
equation (82), will ho (\ („t , , 

pressure, from equation (12’'), /v | in p., , 

sq. ill. abs. (approx.), wliomm Mu- 



prcisniro is now reduced to P ('IV',, ip. ■ 
11m. por sq. in. (abs,). Tho diagram (■ >. 
oxpnnsion ratio fi-4.7 is shown by - 

in Fig. 30. 

§ (82) Otto Cvclh TuMi'Kiwi'imr P-uv 
—Tho ternporaturo-onfcn>py dingi-im t-i hr,. 
300 o -(l00 D -2000° 0. .case of Fig. 3(i l .. ** i- 
in Fig. 37, the curved portions heiiq; ..I. 1 : - 

by aid of oquation (81), using 
values ofT and v alreadyobtained. ‘ip.-a-T r 
enoy, being the ratio of KOFI IK hi M< |':VM 
may bo found either by plunimelih' 
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c> C Hioso ureas, or by direct calculation 
cs G >i utilities of kout received mid rejected 
^ l Coilsta,1 t volumo from oquation (70), tlio 
Oia 'r ' 0 (n.t II) being taken from tlio T - <p 

- M'atn ; both methods ngreo in giving 0-44 as 

\v* <lluo of tho ° m<iienc y- 

^ itli constant speeilio licat it lias already 
joi n sluavu that for the Otto oyclo tho 

3 ids 5 ri< * y is 1 ~(U^)=^ (vide equation (70) 
, lt \ “ (“115)) ; thus when k v is expressible in tho 
C>1 i 3 ? + ft'V and (/'„ - /„• ) is constant, eflioionoy 

Otto Cycle Ideal Efficiency.— 
0 j h«a calculated by a method of mio- 
>cssu v o approximations values of the ideal 
diieieiioy of tho Otto cyelo when using tho 
»iix ture of gases whoso Apparent Specific 
i.lcafc is as given in Tablo XL, and his results 
i.ro given horcundor; corrcs])onding values 
>1 oflloioncy with constant k v nro given, 
mloiiln.tcxl f rom orpifttion (71); it will bo ob- 
lorvod that tho efficiency with variablo /.•„ is 
tiways lass than that with k v constant: 

Taiii.k XIII 


.deai - - Ki-utcienciks nr Orro Oyclr comi’Aiikd. 

Initut, TKMi-EiiA-muB '21T C. (Ans.); y for 
C oniimEasiON taken as 1-37 ( vide Tablo XII.). 


1 

p- 

Upper Limit 
of TomiKuulurc. 

Eflioionoy with 
Constant 

(Equation (71)). 

3. 

! 1873“ C. 

l>m). 

1 . 

1273° O. 
(Alls.), 

2, 

* 

•IfWi 

•200 

•240 


•280 

•203 

•300 

i 

■3H4 

•860 

■430 

1 

•381 

•301 

•480 

f 

•439 

•443 

•550 


§ (84} Efficiency ; “ Ant Standard.” —It 
nos a.1 ready boon pointocl out (§(37)) that 
f 1 /p donate the value of the adiabatic com- 
>Tension, ratio in tho throo ideal oyeles of con- 
ifcniit jsrosnuro, constant volume, and constant 
oinpoi.'fvtm'o, thou tho efficiency is, in each 
snso, expressed by tho same formula, viz, 

Blflleioney = l-\ . (71) 

If tlio working fluid ho air assumed as 
loasixsaiiig a constant value of y = 1 - 1 , this 
:<Xiuxtion becomes 

/l \ o--t 

Eflioionoy —1- , . (71') 

end in this form is termed tho “ Air Standard ” 
>f c flic ion 03 ', and has been largely employed in 
>lto past ns representing tho theoretical maxi- 
nimi of pcrfornmncQ for any given value of p. 

1 Proc. Inst. C.E., 1007. 


It is clear, however, from the above dis¬ 
cussion that when the specific heat is vari¬ 
able, and not constant, that equation (71') 
represents an unattainable ideal. Clerk has 
pointed out that in tho cases taken in Tablo 
XIII. the “air standard ” values are roughly 
about 20 per cent too high. Much more 
information is, however, still required before 
oven tho apparent specific-heat values aro 
accurately known for tlio various mixtures 
of gases and vapours employed in gas and 
oil engines. When theso values becomo 
accurately assignable each engine can ho 
separately investigated and tho real eflioionoy 
nf its working fluid determined. Tho propor¬ 
tion borne by tlio actual thermal oflieienoy 
as determined by test to tho real oflieienoy 
will then givo a true measure of tho degreo 
of excollonco of its performance, and indieato 
tho exact margin remaining for improvement. 

On tho general question of the values of 
lt v and k v for gases and gaseous mixtures 
reforenoo may ho made to the 1 st and 2 nd 
Reports (1908-11) of tho Gascons Explosions 
Committee of tho British Association. Cleric 
(Proc. 1.0.13., 1907), however, makes tho useful 
suggestion tlmt if 7 ho taken at tho constant 
valuo 1*285 for tho expansion curve, and at 
1*370 for tho compression curve, then for tho 
ranges of temperature met with in gas-engino 
practice no serious error is introduced. 

n. 0 . 
a. a. it. 

ENGINES, SOME TYPICAL INTERNAL 
COMBUSTION 

§ (1) The “ Internal ’’ Combustion engine Is 
so called because tho gasoous or vaporised 
fuel, mixed with air, is burned or exploded 
within tho working cylinder itself in contrast 
with earlier types of heat engine in which 
tho working fluid, steam or air, is gonoratod 
or heated by an external furnace. Eor tho 
history of tho development of the Internal 
Combustion ongino reference may bo made to 
Sir L. Clerk’s work on The Gas, Pelral, and 
Oil Engine (Longmans, 1909). 

Tlio ongincoring thermodynamics of Internal 
Combustion engines are dealt with in tlio 
article “ Engines, Thermodynamics of In¬ 
ternal Combustion ” ; in- this article some 
account is given of typical actual engines, 

§ ( 2 ) Tjik Cycle. — All modem internal com¬ 
bustion engines work on oithor the four-stroke' 
or two-stroko oyelo, with combustion either at 
constant volumo or at constant pressure, or at a 
combination of both these methods, (if theso 
tho constant volumo (Otto) four-stroko oyolo 
engines form by far tho largest oluss. A vory 
groat deal of attention is, however, now being 
givon to tlio improvement of the two-stroko 
oyelo engine, whioh has long been established as 
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aroliablo tine! economical prime mover in largo 
stationary engine practice, and is noiv rapidly 
increasing in favour, in single- and two- 
cylindcretl designs, in the small quick-speed 
petrol types used in the propulsion of motur- 
launoliea and cycles on aeeount of its groat 
simplicity and relatively low production cost. 
Its extended adoption in motor vehicles in 
general is regarded ns not unlikely in tho near 
future. 

The constant pressure class, typified by tho 
Diesel engine, in both fmir-stroko and two- 
stroke designs, includes also the somewhat 
munorous so-called “ semi-Diesel" ongincs, of 
which ono is described and illustrated lator. 
In these “ Homi-Dicsel ” oil engines tho fuol 
admission is, in general, so regulated that 
combustion takes place partly at constant 
volume, and partly at (approximately) con¬ 
stant pressure. 

§ (8) Tins Pu i:r„-—Tho fuels now success¬ 
fully employed are also Humorous and various. 
Among gaseous fuels arot —Coal gas; pressure 
and suction producer gases (Dowson, Mend, 
National, Cimsley, ote.); coko ovon gas; 
blast furnace gas ; natural gas (mainly in tho 
U.S.; principally CM,,); and water gas. Of 
liquid fuels may be mentioned pobrnl; kero¬ 
sene (paraffin, or lamp oil); intermediate oils ; 
gas oils; outdo oils (filtered and freed from 
volatile constituents); residual oils ; benzol; 
shnlo oils; coal tar oils; lignite oils; and 
alcohol; and mixtures of these, as, e.g., of 
)otrol, benzol, alcohol, uiul korosono. Solid 
uols aro not yet praolioablo, though, in tho 
laboratory, Diesel engines liavo boon mndo 
to run on coal dust, and engines of tho Ottu- 
oyclo motor-oar typo on naplitlmlono. 

§ (4) Tho following have been selected for 
description ami illustration as typical ongincs 
exemplifying present-day practice : 

A. Constant Vo mi mm Tv it; 

(a) As u four-stroke iSlaliounry Horizontal 
Single-cylindered engine of medium power 
— tho 100 Jiorso-ponror “ National ” gas 
ongino. 

(b) As a fmir-stroko Stationary Vortioal 
Mulfci-oylindered engine of medium power— 
tho Two-orank, 000 Morse-power, Tandem 
Eour-oylindorcd ongino of tho National Gas 
Engine Co. 

fi ( fi ) -As 11 four-stroko Stationary Horizontal 
Two-oylindcrod engine of largo power—tho 
Double-acting Tandem Single - nnmk 2000 
Ilorso-powor Nuremberg gas engine. 

( (d) As a two-stroke Stationary Horizontal 
Singln-oylindorod engine of small power— i 
tho early dork gas engine. 

(c) As a two-stroke Stationary Horizontal < 

Singlo-oylindorod Double-acting ongino of j 
largo powor—tho Rolling gas engine. i 

(/) As a special two-stroko Stationary Ilori- i 


■ smnlul Singlo-cylindercd Singlo-acting ongino 
of largo power—-the Oeohelhauser gas engine. 

(g) As a typical “Paraffin" engine—the 
Horns by-Akmyd oil engine. 

B. Constant Pkiossuhm Tyj’k 

(A) A description ‘ is given, M'ith illustra¬ 
tion, of a normal foiir-stroko Diesel engine 
with some account of tho two-stroko Diesel’ 
ami an illustrated description of a Huston 
“ semi-Diesel ” engine. Tho largo class of 
small, usually multi-oylindered, quick-rovolu- 
tion internal comhustion engines as used for 
tho propulsion of motor vehicles, launches, 
aircraft, ote., form tho subject of a separate 
section. 

§ (») ('<) Tun 100 H.P. IIonizoNTAr, 

Nation at. ” Gas Enoink, (i.) Dcacrijilion .— 
A vortical longitudinal section of this siuglo- 
eylindorcd ongino is shown in Fig. 1 . Within 
tho “ working barrel ” or “ cylinder iinor ” 
AA slides a cast-iron piston HU attached to 
tho erank-almft by tho ooimccling rod (JC. Tho 
piston fits tho cylinder very accurately, but 
eomploto gns-ligbtncHs is ensured by six cast- 
iron spring rings HI). Tho piHton is oiled by 
meuns of the lubricator JO, ami through tho 
holo shown in tho piston “skirt” oil is also 
enabled to reach tho “ small oml ” or “ gad- 
geon bearing ” of tho connecting rod. At tho 
loft-hand end of the cylinder is tho combustion 
chamber H, within whioh aro placed tho inlot 
valve I and tho exhaust valve It; holes nbovo 
theso valves, filled by easily removable plugs 
LL, permit thorn to lie readily withdrawn for 
examination and repair or replacement. 

Tho working barrel of tho cylinder, tho 
combustion chamber, and tho valve casings 
aro all woll cooled by a water jacket WWW; 
it will bo aeon that tho combust ion chamber 
is a easting separate from that of the working 
barrel, and that tho inlet valvo easing is also 
a separate ousting. By disconnecting theso 
three eastings all jacket water spaces aro 
exposed, and can ho thoroughly cleansed from 
deposit; as pointed out in the article “Engines, 
Thermodynamics of Internal Combustion ” 

(§ ( 02 )), adequate cylinder and combustion 
chamber cooling becomes a matter of increas¬ 
ing importance ns tho dimensions of gas 
ongincs liecomo larger. The arrangement 
hero adopted necessitates making a double 
joint; of theso tho inner is nmdo with asbestos, 
and is screwed up hard so as to bo tight under 
tho explosion pressure; tho outer joint, 
having only to maintain jacket water tight¬ 
ness, is made with yielding rubber. Tho valve- 
stem guides are also separate castings easily 
replaceable after wear; in the ease of tho 
exhaust valve it will be seen that the design 
permits closo access of cooling water all round 
the stem ; tho exhaust valvo seat is also so 
arranged us to bo olliciontly water-cooled. 
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The cylinder 1ms n Imre of 1(1 inches with a 
piston stroke of 22 inches; the piston and valves 
are not water-cooled. The working hand, or 
cylinder liner, MM, is screwed op hard to the 
combustion chamber casting at the rear (left- 
hand) end, whilo at the front end an expan¬ 
sion joint is provided with the jacket 
casing PP ; the working hand becomes much 
hotter than the outer casing of tho jacket, 
and it is very necessary to make provision 
in this way for tho difference of expansion 
thus arising in order to prevent the crea¬ 
tion of largo internal straining actions with 
consequent risk of distortion or rupture of 
eastings. 

A light cast-iron oil trough HR fitted in tho 
crank-pit prevents waste oil frqm saturating 
tho engine foundations, 

(ii.) Method of Working .—To start the 


and air is drawn into the cylinder ; (3) the 
second in-stroke then follows, compressing 
this fresh charge into the combustion chamber 
If; (4) at the commencement of the next 
out-stroke the mixture is ignited by a spark 
at the ignition plug S, explosion occurs, and 
tho piston is driven forward. This cycle is 
then repeated continuously so long as tho 
engino runs. 

It will ho seen, therefore, that tho engine 
works upon the Otto, or four-stroke, eyelc, 
of suction, compression, working, and cxhnuNt 
strokes, and that tho piston accordingly 
receives one working impulse in every two 
revolutions of the crank-shaft; the momentum 
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l-'ld. 1.—National Has Engine. 

engine, tho fly-whccl is pulled round by hand 
until tho piston has dolinitoly commenced its 
working stroke; an explosivo mixture of 
coal gas and air is then pumped by hand, 
through a small auxiliary valve, into the com¬ 
bustion chamber; failing coal gas a small 
quantity of petrol is used, Tim explosivo 
mixturo thus introduced is then fired by a 
spark at tho ignition plug S obtained by 
operating tho (low-tension) magneto by hand. 
A working stroke of tho piston immediately 
ooours, and considerable momentum is im¬ 
parted to tho fly-wheel; the subsequent order 
of operations is ns follows : 

(1) During tho return stroko of tho piston 
tho exhaust valvo K is lifted and tho burnt 
gases are discharged through tho oxhaust 
pipe, and silencing apparatus, into tho atmo- 
sphoro i (2) during the second out-stroke tho 
inlot valvo I is open and a fresh charge of gas 


of tho very massive ily-whcol T preserves llie 
necessary degree of uniformity of rotation. 

The engine is governed by a variable admis¬ 
sion device operated by a governor of centri¬ 
fugal typo by which the mass of tho charge 
and also tho supply of coal gas nro reduced 
ns tho lend on tho engine is diminished. 
Below quarter load the governor acts by 
outting out ignition. 

(iii.) Details of Working .—Tho ratio of com¬ 
pression, I//>, is about 1/fi-G, whence by equa¬ 
tion (71') of tho “ Engines, Thermodynamics 
of Internal Combustion,” article; tho “ air 
standard ” efficiency is 1 - (]//»)°' 4 ~ 041)4; with 
this value of 1/p, which corresponds to a com¬ 
pression pressure of about MO lbs. per sq. 
in. (abs.), pre-ignition iB avoided without tho 
necessity of injecting a spray of water into 
tho cylinder at full load running. If j> donate 
tho mean oiTcntivo pressure during tho working 
stroko, in lbs. per sq. in., ns ascertained from 
an indicator diagram, and if 

d=T)iamoter of piston, in inches, 
s=Stroke of piston, in inches, 

«=Number of revolutions per minute of 
crank-shaft, 

then tho work done by tho engino is expressed 
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liy tt/ 4 x f/ a x p x .»/12 x »/2 foot-lbs. per minute, 
and tlin indicated horse-power {I. IT.P.) is 
l/3300l)tli of this, whence 

I. H, P. = 002. (F-.utp X . { 1) 

Tiie Brako Horse-power (B.H.P.) is less than 
the I. H. P. I»y tiie power necessary to over¬ 
come the frictional mid fluid resistances of 
the engine itself; tlio ratio B.ll.P./L.Ii.P. is 
termed tiie mechanical elliciency of the engine, 
and is usually denoted by the symbol ?/; 
lienee, as ij = H.Tt,P./I.H.P., wo have from 
equation (!) 

B.H.P. = 992. d a amy)> x 10' 8 . . . (2) 
The product typ is termed the “ brake mean 
effective pressure,” and is largely used in 
calculations of the jjorformnnoc of small fast- 
running intemnl combustion engines of tlio 
petrol motor type with which it is impossible 
to obtain reliable indicator diagrams under 
ordinary circumstances. 

The total distance, <r feet, covered by the 
l>i8ton in one minute is torniod Uio “ piston 
speed,” and is evidently equal to 2nx#/12; 
thus 

Piston speed=<r = 1 ~, . . (3) 

(iv.) Performance. —The performance of this 
100 h.p. National gas ongino has boon ascer¬ 
tained by numerous tests in pruotico, and has 
boon found to bo ns follows: 


_""'Nuei men.-— 

MitxliuHin. 

Muxlmuin. 

Ml. I>. 

Mi-i-imulcal 

Kfllcleiioy. 





Coni gns . 

111-2 

Of -2 

•847 

Benzol . , 

09-0 

82-5 

•830 

Antlirnoitopro- \ 
ilncor gns J 

0.1-7 

70 7 

•810 

Coke producer! 
gas / 

88-0 

71-0 

•807 


the revolution speed being 210 per minute. 
It will Ijo noted that at this speed the power 
required to overcome engine frictional and 
fluid resistances is 17 1.1 I.P. From equation (1) 
(lie corresponding mean ofTectivo pressures are, 
in lbs. per sq, in. ; 


Fuel. 


>I7» - 

Con] gns ..... 

05 

so-r* 

Benzol ..... 

85 

70-5 

Anthracite protluoorgns. 

80 

05-5 

C’oko producer gns , . 

75 

GO-5 


while the piston speed corresponding to 
210 r.p.m. is 770 foot per minute. 

Horizontal singlo-eylindrienl ■ “ National ” 
gas engines of this typo are built up to a 
maximum of 185 brake horse-power; for 
higher powers multiple cylinders are used, in 
both horizontal and vertical arrangements; 
one of tlio latter is next described. 


§ (0) (h) The 300 H.P. Vehticai, “National” 
Gas Enoinj-j. (i.) Description .—A transverse 
section of this four-oyli tillered two-omnk 
tandem gas engine is shown in Fiy. 2, 

The engine comprises two pairs, each con¬ 
sisting of two cylinders A and B placed one 
above tlio olhov, each pair being connected by 
a connecting rod G with a crank 1 ) ; the upper 
pistons are each 18 inches in diameter and tlio 
lower each 17 inches, with a stroke of 18 
inches; mid tlio engine runs normally nt 
300 revolutions per minute, so that tlio piston 
speed (equation (3)) is 900 feet per minute. 

The upper and lower piston of each pair are 
connected by a east-iron sleeve, or distance 
piece, 4J inches in diameter, through which 
passes a long nickel steel bolt by means of 
which tlio three pieces are tightly held together; 
the pistons are not water-cooled but tiro cast 
with an internal conical web HE which assists 
in tiie conduction of heat from the piston 
crown—normally one of tlio hottest parts of 
an internal combustion engine. Gas-tightness 
is ensured by the five east-iron spring rings 
shown ; near tlio bottom of the skirt of the 
lower piston iB placed a sixth, or “ scraper," 
ring, to prevent tlio passage past the piston of 
oil from the crank chamber. 

The lmvor portion of the upper cylinder 
contains only air, which is alternately com¬ 
pressed and expanded during the running of 
the ongino, and by its “ cushioning ” action 
contributes greatly to softness of running by 
assisting to reverse tlio motion of the pistons 
when at the bottom of their stroke ; the cranks 
aro also balanced to further aid smoothness in 
running. 

Each cylinder liner with its water jaokot 
casing is a separate easting, but thoro is a 
gap at the lower end of each between liner and 
easing which is fitted with a water-tight pack¬ 
ing ring so arranged as to permit any relativo 
movement duo to diJTerenco of expansion; 
the lower portions of the cylinder liners nro 
not wator-jnekoted. 

The inlot valves 1,1/ and exhaust valves K, 
K' open into a common port, ami arc placed 
one above tlio other, the inlets being on top. 
Both inlet anil exhaust valves are of enst- 
iron, as are also tho coned seats in which they 
rest; tho seals are, however, separate rings 
enpablo of easy removal and replacement 
after woar. Tho inlet valves carry on their 
stems gas valves M, M', which have no seats, 
but slide within a well-fitting cylindrical 
housing ; tho gas ami air supply passages arc 
formed by the partitioned oasing N, N'. Tho 
gas valves M, M' open Inter and oloso oaiiior 
than tho charge inlet valves I, I '; this prac¬ 
tice Is common to all largo gas engines and is 
adopted to avoid risk of pro-ignition of fresh 
charge by any residual smouldering or highly 
heated exhaust gas remaining over from the 
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previous cycle. When tho inlet valve opens Hie charge inlet valve I doses, N' in filled with 
nt'-the end of tho exhaust stroko the com- pure air in readiness for tin; commencement 
bust ion chamber contains hot burnt gases of the next auction stroke, 
from tho previous explosion; tho first inrush A centrifugal shaft governor regulates the 



of pure air cools this, and tho subsequent supply of mixture to tlio engine by tho “ qunti- 
supply of mixed gns and air can then safely tity ” method, in which tlio composition of 
enter. Towards tho end of tho suction stroko tho charge remains sensibly oimslunt, while 
tho gas valve doses, and the final suction is its mass is varied to suit the lend 
from the lower air chamber N 7 only; thus when Forced lubrication is used for nil recipvo- 
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eating and rotating parts, the oil being supplied 
by onginc-driven valvolcss pumps at a pressure 
of 20 lbs. per sq. in.; after use the oil returns 
to tbo crank casing and drains into a “ Blimp,” 
where it is filtered before passing into the 
oil ]jumps by which it is again delivered to 
tlio bearings, The lower cylinders nro lubri¬ 
cated by the oil which comes from the cross- 
head or “gudgeon ” hearings, while the upper 
cylinders and metallic-packed joint of the 
piston rod where it passes between the two 
cylinders are supplied by a sight-food lubri¬ 
cator fed by a small pump operated by Lho 
engine. Starting is elfeeted by means of 
compressed air. Ignition is by high-tension 
magneto, with two “sparking plugs” PP in 
each cylinder. 

The arrangement of lho valve-driving shaft, 
which is gear-driven from the crank-shaft so 
ns to run at half-speed in a four-stroke cycle 
engine, is clearly indicated in the figure; 
the cams and rollers by which lho valves are 
operated are of enso-hardoned steel. 

(ii.) Performance. — On test, one of these 
engines developed 404 indicated horse-power, 
and 3(12 brake horse-power at 200 revolutions 
por minute; the power was absorbed by a 
ilccnan and Froudo hydraulic brako. These 


the known value 0-80(1, we have also for the 
mean effective pressure, p — fi7/-80(i = tilMi ,1'js. 
per e<j. in. 

Tandem single-noting vertical engines of 
this typo are made from 18b to 1000 horso- 
pmver; the 1000 11.P. engine has eight 
cylinders (four pairs) operating four cranks. 
The cylinders of each pair are 22 inches aiid 
23 inches in diameter respectively ; the stroke 
is 24 inches, and lho normal revolution speed 
is 200 por minute, tho corresponding piston 
speed being 800 feet per minute. 

§ (7) Relation ok Weight to Poweh. —In 
all ongines the weight per unit of power 
developed increases with increase in dimen¬ 
sions, and tfiis is ono of tho reasons in favour 
of the adoption in many eases of tho multi- 
cylindored design. Tho following Table, com¬ 
piled from actual engines, brings out this point 
clearly ; tho rated B.ll.P. is given, using blast- 
furuaeo gas ns fuel; and tho engine weights 
per B.ll.P. nro given exclusive of weight of 
fly-wheel. In largo horizontal tandem double- 
acting‘gas ongincH tho inclusion of tbo fly¬ 
wheel weight adds from fiO to <10 11m, to tho 
weight por B.H.P. Tho fly-wheel alone of a 
lfiOO B.ll.P. engine of this typo commonly 
weighs about 3/> tons. 


Table I 


Weights run B.H.P. op Different Tyi-ks ok CIas Engines 


link'd 

11. II. I 1 . 

1. 

Hlngln ur 
Dmihlo 
Acting. 

!1. 

lMnlou 

DlniiiPIPrxKlrukt- 

{Inches). 

.1. 

No. of OylhtilorM «■■■! 
Amiigcmimt. 

4. 

-JSIrnko or 
Mllroku 
Cycle. 

«. 

ItOVIlllltlllll* 

l**-r 

Minute. 

1). 

mini 

BlMH-cl 

l-'l./.M lii, 

7. 

Wi'lglil in 1 )- 
iiAii'ii iui,i>. 
|l.'w.|. 

8. 

7(50 

S.A. 

18 X 18 

(i; 3 pairs ; vortical 

4 

(!()() 

1)00 

117 

1250 

8,A. 

20 x 24 


4 

200 

800 

150 

800 

D.A. 

28 x !14 

2 ; lantlcm ; horizontal 

4 

131) 

73(5 

240 

111) 

8. A. 

20 ;<3I 

i ; horizontal 

4 

17(1 

5157 

270 

1000 

D.A. 

32 X 40 

2 ; Inndtan ; horizontal 

•1 

(III 

733 

270 

800 

S.A, 

511 x 55 

1 ; horizontal 

4 

75 

470 

4-18 

■100 

S.A. 

24 x :m> 

1 ; 2 pinions; horizontal 

2 

1(10 

(150 * 

170 

1000 

S.A. 

m x»7A 


2 

125 

781 * 

179 

750 

S.A. 

30 x 37.1 

„ „ 

2 

125 

781 * 

185 

400 

:d.a. 

224 x mi 

1 ; horizontal 

2 

lit) 

725 f 

1110 

(100 

D.A. 

27jx4H 


2 

00 

7201 

220 

1000 

-D.A. 

.‘472 X 03 


2 

70 

735 f 

231 

1500 

S.A. 

42 x51 

1 ; 2 pinions j horizontal 

2 

1)4 

707 * 

200 


* Tlio relulire pinion spiiccl is twice ns great hi these, the " Oeeltellmuser" unglues; see § (II) infra, 
\ JCoortliigKiiglnes; hco § (1.0) infrn. 


results give tho high value -800 for the 
mechanical odieionoy; to determine the 
valiio of t)j), equation (2) must obviously he 
modified for this ease and written 

B.H.P. = 2 x 1)02 x 10-" x snw . (D 1 a + I V“ rf*)» 

w 

Bj and I)„ being the respective piston 
diamotors, and d that of tho piston rod; all 
in inches. 

For a B.H.P. of 3(12, this equation givos 
i)P=57 lbs. per sq. in. As in this case t\ lias 


§ (8) <r) The Tandem HomstoNTAi. Nujikm- 
Jieiki Engine, (i.) Description .—Tho design 
selected as typifying a modorn big four-stroke 
gas engine is that of lho 2B00 horao-powor, 
two-oylindored, tiuulom, douhlc-acling, hori¬ 
zontal, singlo-crank ongino of the MaBoliincn- 
Fahrik Augsburg Numborg A.O.—usually 
styled, for brevity, tlio Nuremberg Co.—of 
winch a longitudinal section is given in Pig. 3, 
Tho two cylinders A, A' are placed in lino, with 
their pistons mounted on a common piston 
rod B.B, to ono end of which tho connecting 
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rod <! in atlaehed ; the whole power of the 
ougmo in IraiiKmilled by thin commoting mil 
to tlio Mingle crank I); tlm ernnk-Hhitfl carrion 
a nuiHHivu lly-wimol, liy Uu* momentum of 
wliioli tlm imooHHiuy degree of uniformity 
of revolution in maintained, TliiK online in 
doublo-auting, Mint in, each cylinder in cloned 
ut both imiltt, ami both nide.H of each pinion 
receive power inipulfliM. Ah a Hiuglo-iiuliiig, 
imiglo-eyimdorcd, four-Ktmkn engine receives 
ono powur impulHo in every four Htrolcen of its 
piHfcon, j|, la uloar that in thin oiiho iih the 
power iinpiiltHiH am four limoH iih frwpient 
flmi'o 3 n a power ImpulHo at ovary alroko; 
tlm oiifjriiui lima riniH with vary littlo variation 
in its rovolulion-Hpuod. 

(ii.) Cmilinfi A miM//«/»i(w/,».-—llritinh practice 
hi* far bun generally favoured tho aiiiglo-uotiiig 
illiooolod pinion, on Ilia hihii'o of nimplidity 
in dolailn, and thin pnmlieo him limited pinion 
diiunotoi'H to a maximum of about 20 inolion. 
With a big double-noting engine, wator- or 
oil-oooling of tho pfotoiiN, ami ovou ii-Iho of 
tho oxlimiHt valves, booomcn noeeHnniy. in 
tliin diiKd tho pinlona only am water-cooled, tho 
wator being introduced through tlm hollow 
pinion rod iih hIiowii in tho ilhiHlration. 

Tlm cylinders and oylimlor uovom im», of 
iiIho wiilor-jinilceled; tho ampin wulor- 
HpiK'OH jmivhlod will bn noloil in tho Hoation, 
and it will ho hooii that oaro limi licon takim 
to bring tho wator oIoho up to Mm valvo 
Hoatin/'ii; it in found that a water pmmnro 
of about IT* |1*H. por m<{. in. above ufmotiphora 
miOidOH to iniiintnin nn oilloiont oiroulidion 
through tlm jnokotfl. I' , «»r tho pinion rod and 
piHtmiH, bowovor, it in found notioHiiury- -on 
ueoouiit of their reciprocating motion to 
provide a wator proHHiiro of from *15 to 115 Hut, 
por hc |. in. Wator from tlio main in frequently 
available at thin prowum), but wlion this ih 
not tho onim a pum]* iN provided, driven by 
the engine, whinii deli vara the cooling water at 
the neiuiHHivry pressure, 

'1’lm wider-cooling system in veil arranged 
throughout; mall oylimlor in filled with nil 
open waler-lunk into whioh all water drain- 
piped discharge in full view of Urn attendant, 
and onoli disohiirgo in provided with a thermo- 
meter and a regulating valvo ho that tlio 
temperature of oaoli part can lie adjiiHled 
iiidepondoutly iih doHired. To avoid the 
imeoHHity of Hlmtting eaoh outlet valve when 
the engine i« stopped, u main Htep valve ih 
litled in tlm supply pi|io, and tliin valve in 
oloHed only when the engine in not running. 

(iii.) Luhrimliim. .'I'he lubrication of the 

external homings in effected from a large oil- 
lank uituated above the engine from which 
I,lie oil in uomluotcd llirougb pipoH of ample 
dlintmter lilted with regulating vivIvoh, to the 
viirioun poinlK. Surplus oil Ih drained ruvny 
and oolleotH in a sump in the engine bonne, 


where it is niilonintionlly iillered and then 
returned to (lie mipply fault liy ii pump driven 




by tlio engine. Rolling levera and eeeeiilrirH 
aro grciiso-luhrieutucl. 

h’or Mm forced lubrication of (lie eyliudeifi, 
platen rod stuffing-boxes, ami o\linii»l valve 
guidcH, iqmr-ial oil puiilpa are provided, and 
thoaujiply to eaoli point ean lie independently 
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regulated. The piston rod bL ulling-boxes nit) 
packed with a series of rings of similar section 
each in throe parts, made alternately of east- 
iron and white metal; those arc pressed against 
the siirfaoo of the rod by symmetrically 
disposed circumferential helical springs ; lubri¬ 
cating nil under pressure is delivered into tho 
middle of each stufling-box. Wear is found 
to bo very small, and is confined to tho 
packing rings, which are easily adjusted or 
roitowcd. 

In illustration of tho cflioioncy of tho 
cooling and oiling urrangomonts provided in 
theso largo engines, it may bo stated that 
a Nuromborg engine of 2000 horse-power 
working with blast-furnace gas ran day and 
night for n period of nineteen months. Tho 
ongino was actually running for 1)8-3 per cent 
of the possible working hours, and tho 1-7 per 
cent of stoppages woro duo to works repairs 


and in no way to any defect of tho ongino. 
At tho end of this long period of servico tho 
engine was reported as in oxeollont working 
Older, and continued in operation. 

(iv.) Pinion Jioda .—An important dolail of 
eonstriKition is that whereby tho heavy water- 
filled pistons are prevented by their weight 
from causing “ availing ” or undue wear of tho 
lower portions of the cylinders and stufling- 
boxes. Tho long hollow thiok-wulled tubes 
of which the piston ml is built up nro turned 
with a slight upward cambor so that the rod, 
when loaded with tho pistons, and supported 
by the throe erossheads E, E, E, is oxaotly 
straight j urrangomonts are also provided in 
addition wliorohy each piston oan lie readily 
adjuster] independently to tho oxuot centre (if 
its own oylimlor. Tho wholo weight of tho 
pistons and rod is thus lionio by tho throe 
external orosahoad slides, and tho pistons 
accordingly “float” in tho cylinders ns does 


tho piston rod in the stuffing-boxes; this not 
only saves wear but also considerably reduces 
tho internal friction of the engine. (Ins- 
tightness of the pistons is ensured by six self- 
tightening packing rings, 

(v.) Governors .—Tho engine is governed on 
tho “quantity” method, by which tho com¬ 
position remains practically constant, while 
the mass admitted is proportioned to tho 
power output required. Should- tho quality 
of tho gaseous fuel vary, tho ratio of gas to 
air can bo adjusted by hand whilo tho ongino 
is running. 

Two ignition plugs are fitted in each 
cylinder, actuated by small oloetromagnets 
forming part of the plugs. 

(vi.) Performance. — Tallin II. gives tho 
results of tests on a 12(H) brake horse-power 
Nuremberg engine using blast - furnace gas 
I having a heat value per cubic foot of about 


(50 (J.Th.U. ; the pistons woro J13*4(l inches 
in diameter (piston rod about 8fj inelios din.), 
with a stroke of 4JP3 inches. 

With reference to this Table it may bo 
observed that tho revolutions per minnto, n, 
aro directly counted, and that tho vnluo of 
tho mean effective pressure, p, in lbs. pot' 
sq. in. is ascertained from indicator diagrams 
taken from both cylinders, tho nvorngo value 
being tabulated. Tho indicated horso-powor 
may next bo calculated, equation (1) being 
modified to suit this type of engine by writing 

I.H P.=4 x 002 x l()-». ,inp(l)a -d 3 ), (15) 

D and d being tho diameters in inohos of tho 
pistons and piston rod respectively. 

The brake horso-power is directly measured, 
and thoneo tho value of tho mechanical 
ofiloionoy v —B.IT.P./LH.T. is known. It 
will be observed that the frictional and fluid 
resistances of tho ongino itself absorb about 


Taiu.k If 


Tkst Hkhw.ts from a 1200 B.K.P. Tax hum I). A. Nun km n into Ehoinh 


Item. 

1. 

2. 

3, 

4, 

6. 

fl. 

7. 

Duration of lost, minutes 

03-0 

280 

20 0 

20-8 

25-8 

25-8 


Revolutions per mlnulo . 

Moan cfl'cotive pressure. />, in lbs./1 

100-0 

105-8 

100-3 

10645 

100-i 

105-8 


sq. in. (avemgo of lintii cylinders) / 


42-5 

004) 

08-7 

71-4 

73-1 

75'3 

I.1I.P. 

(577 

807 

1140 

1312 

1350 

1383 

1427 

.H.lt.P,. 

280 

557 

871-5 

1037 

1115 

1147 

1180 

i.ir.p.-iur.p. 

21)7 

251) 

275 

275 

214 

230 


Mcolintiionl cflioioncy 

-180 

■01)0 

•702 

•718) 

•821 

•830 

•a:ti 

Value of ■>)}> In llia./sq. in. 

14-7 

20-3 

45-7 

84-3 

58-0 

00-7 

VH 

Cub. ft, gas por 1.11.1*. hour . 

101 

wrmm 

01-5 

KUO 

87-2 

85'5 


Cub. ft. gas per Jl.II.P, hour . 

208 

140 

120 

110 

Kill . 

103 

101-8 

Heat vnluo of gas, C.Th.lJ./onb. ft. 

40-2 

40-2 

40-7 

4D-8 

50-4 


48-8 

C.Tb.U. per T.H.P, hour . . . 

4,0(11) 


45-18 

4328 

431)5 

4224 

4128 

C.TIi.U. par JUT.P. hour . . . 

10,245 

7174 

51)01) 

5480 

5353 

501)0 


Indicated thermal oflloicmoy . 

•285 

•280 

•311 

•320 

•;i;i‘) 

■335 


Brake Micruml ollioicncy . 

•138 

•107 

•237 

•258 

•204 

■278 

•285 








ENGINES, SOME TYPICAL INTERNAL COMBUSTION 


31ft 


2(i0 horse-power when running at 100 revolu¬ 
tions per minute. The brake mean effective 
pressure, ijp, ia now known and tabulated. 
Tlio total consumption of gas per hour in 
cubic feet is directly measured, ami dividing 
the figures obtained by tlm and 11.II.I 5 , 
gives tho consumption in cubic foot per hour 
per unci B.H.P, respectively. Tho heat 

value of tho gas per cubits feet ia dotennined 
by caiorimetric tests, and tlioiico tho heat 
supplied in C.Th.U. per hour per I.1I.P, and 
per 11.11.1?, is immediately ascertain able. 

finally, as one horse - power hour corre¬ 
sponds to 33,000x00/1400 = 1414 C.Th.U. per 
hour converted into mechanical work, tho 
iibsoluto thermal ofllciency of tho engine is 
dotennined by taking the ratio of 1414 to 
tho heat supplied to tho engine in C.Th.U. por 
horso-powor per hour. 

Thus, at full load, this engine allowed an 
absolute brnko thermal ofliciency of *28o; 
that is to say, 28-5 per cent of the whole heat 


Clerk two-stroke cyclo engine, with improve¬ 
ments in detail suggested by experience, is still, 
particularly for largo engines, that which most 
successfully satisfies everyday requirements. 

A section of tho second Cleric two-stroke 
engine is shown in Fig. 4; nti engine to this 
design was shown at tho Paris Exhibition 
of 1881. It was of the horizontal, single- 
cylindered, single-acting tj'pc, mid comprised 
a motor, or working, cylinder A containing 
exhaust ports E, E', near its outer end, ami a 
displacer cylinder B ; within these cylinders 
respectively work pistons O mid 1), suitably 
connected to a common crank-shaft. Tho 
crank-pin driving the displacer piston D was 
about 90° in advance of that operated by tho 
motor piston C. 

(ii.) Method of Working .—Tho order of 
operations is ns follows : Near tho end of tho 
working (out)stroko tho motor piston C over¬ 
runs tho exhaust ports E, E', and the burnt 
gases immediately escape thence into tho 



supplied to the cngitio appeared as useful 
oxtornal work. In one hour tho working 
volumo swept through by tho pistons is 
7r/4{D 3 -d a ) x 120» xs/1728 cubic foot; and 
at. full load tho heat evolved in C.Th.U, por 
hour is 1427 x4128, whence in tliis case tho 
evolution of heat in C.Th.U. per cubic feet of 
working stroke swept out by tho pistons lins tho 
value 224} (see tho article, “ Engines, Thermo¬ 
dynamics of Internal Combustion,” § (09)). 

§ (9) ( d ) Two -STROKE E NO INKS : TIIE Earf.y 
C ramie Engine, (i.) Description .—Tho ‘low 
frequency of but one working stroke in four 
of the Otto oyclo has always been regarded ns 
a serious disadvantage, and very numerous 
attempts have for long been made to increase 
the impulse frequency without sacrificing the 
valuable practical advantages of simply and 
ofTootivoly charging, exploding, expanding, 
and exhausting—combined with high thermal 
efficiency—which are possessed by tho four- 
stroke engine; no solution has oven yet been 
found which fully satisfies the commercial 
conditions for both largo and small onginos. 

Tho first explosion compression two-stroke 
or “ impulse every revolution ” engine was 
invented and built by Clork in 1878, and tlio 


atmosphere. Simultaneously tlio displacer 
piston 1), being in advanco of tho motor 
piston, has passed tho end of its out-stroko 
and has commenced to return; during its 
out-stroko it lias drawn into tho cylinder B 
an explosive mixturo of gas and air through 
tho sliding vnlvo H and pipe W. Tlio com¬ 
mencing roturn of tlio piston D causes tho 
mixture in .15 to become slightly compressed 
before the complete oxliauafc of A, but not 
sufficiently to cause any material resistance ; 
in tho delivory pipe oonneoting tho two 
cylinders is an automatic inlet vnlvo j as soon 
as tho pressure from 15 slightly exceeds that 
in A, this vnlvo rises and the fresh mixturo 
thou enters tho combustion chamber G. Tho 
return of tho motor piston 0 then causes tho 
automatic inlot vnlvo to oloso, and subsequently 
compresses tho entrapped fresh olmrgo into 
tho chamber G ; tliis is then fired at tho 
instant of maximum com press ion, explosion 
occurs, and the working stroke follows. Thus 
every out-stroko of tho piston 0 is a working 
stroke, and tho impulses aro therefore oho per 
revolution of the crank-shaft, nncl aro accord¬ 
ingly twice us frequent as in tho “ Otto ” 
four-stroke cycle. 
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{iii.) Difficulties .—III flic ideal two-stroke 
motor the operations of charging and exhaust¬ 
ing would bo performed at least as cileotively 
as in the fmir-sbroke engine, and hence, tlio 
working impulses being twieo as frequent, a 
two-stroke engine of given horo and strolco 
should develop at least twieo as much power 
ns the cqnnl four-stroke, with the same thermal 
efficiency. In practice, however, than) aro 
certain fundamental difficulties of the two- 
stroko cyelo which havo so far prevented the 
realisation of this ideal. Tims, in the Otto 
cycle the inlet valve usually opens slightly 
before the end of tho in-stroke of the working 
piston and remains open not only throughout 
tho whole suction out-stroko, but also for a 
short period after its completion ; the suction, 
or “ charging ” period accordingly continues 
during about 220° of the orank-slmft revolution. 
In tho two-stroko engine, however, tho fresh 
charge lias to bo introduced into the motor 
cylinder wlulo the erank-sbaft turns through 
only about 80°. lienco tho duration of tho 
charging operation in the Otto cycle is nearly 
threo times ns long as in tho Ciork eyclo. 
Though this disadvantage is reduced by 
providing specially largo inlet valves and 
oxhaust port areas, it romains still that tho 
two-stroko ongino is not in general eapablo of 
being charged so offoolivcly ns tho four-stroke, 
and also that more power is absorbed in tho 
charging operation. 

A second point is that in tho Otto cycle tho 
exhaust valve is open (luring about 240° of 
tho crank-shaft revolution, and hence tho burnt 
gnscB have considerable time in which to escape, 
and nro morcovor nssistod in their exit by 
tho return of tho motor piston during tho 
whole exhaust stroke, so that there romains 
finally only tho combustion chamber filled with 
residual exhaust at, or oven slightly below, 
atmospheric pressure, In tho Clerk oyolo 
engine, on the other hand, exhaust lias to bo 
accomplished during tho very short inforvn! 
occupied by tho motor piston in passing over 
the last part of its out-stmko and first pari of 
tho subseqiiout in-strolce, so that not only in 
the combustion ohambor but also in tho work¬ 
ing oylmdor thoro remains some lint oxhaust 
gas. Tho ofi'eot of this is to reduce tho quantity 
of fresh charge that can bo introduced into 
tho motor oylindor, i.e. to diminish tho 
“ volumetric efficiency ” of tho engine, with 
consequent diminution in the output of power. 
Further, tho commencement of tho introduc¬ 
tion of tho fresh charge while tho oxhaust 
ports are still uncovered causes a loss of 
unburnt mixture by “ short-oirouiting ” direct 
through tho oxhaust ports into tho atmosphoro, 
cl waste of fuel from this causo is frequently 
isidorablo in tho vory small potrol-lypo 
o - stroke motor. In largo two - stroke 
jinos, liowovor, this cause of loss is almost 


completely avoided, («) by providing a 
combustion obainber of BnmoW liirt ol mi gat ed 
conical form as shown at (J (■■?*'*!■’/• ‘0» »'id 
introducing tho fresh charge n-L bln» apex of 
tho cone, and (/>) by sending firok i'jtn (ho 
motor cylinder a preliminary oluuygo of nir 
only to help in the scavenging cooling) 

of tho residual oxhaust gases, **-* 1( l following 
this up by the introduction of ^ i!ciitos|mhh1- 
ingly rich mixture of gas and nir; this 
praolico, initiated by Clerk in 1BKI, is hI ill 
followed in nil largo gas ottfd'tm The 
doubled frequency of working? impulse* in 
tho two-stroko engine causes iiexnissarily uu 
inoronso in the mean heat-fit »vv from tho 
cylinder per second, and herieo in the de¬ 
sign of this typo of ongino Hpeoinl attention 
lias to ho given to tho details of the cooling 
arrangements. 

(iv.j Performance .—Theso curly < : hwk two. 
stroke engines woro construe to « *1 in si/us of 
from 2 to 12 nominal horso-powor, and (Fie 
following test results obtained in 1 HM-I from a 
series of theso engines nro util I of niimh 
intorost; tho fuel used was GhiHj£c »tv eoal gun, 
and tho figures givon are from tin.') iimud trials 
which wero carried out on all ho fore 

leaving tho mamifaoturors’ wirku, and Uuiti 
fairly indicate tho performance of tho engines 
in ordinary sorvieo. 

Tho mixturo dolivored by blio clirijiltiuoi 1 
contained 1 volumo of coal gas to H volumes 
of air; on passing through tlio inlet and 
mixing with tho residual oxliuuat jc?nnos in tho 
motor oylindor it becomes furtltor diluted, 
Tho inoreaso of tompomfcuro jaciqittrod by 
contact with tho oxhaust and wifcli Uin oylindor 
walls expands tho entering frosli gas, a 
tompomturo of at least 100° 0, hoinp; commonly 
attained beforo compression commoners. The 
expansion of tho entering fronh puses f.lum 
caused oxpols moro of tho oxIiumhI; prnduohi 
through tho ports than would conivijvtiid (o 
the volume swept through by tho motor 
piston botweon tho closing of' tiro ox haunt 
ports and complete in - stroko. Through 
“ turbulenco ” mixing oooui-h Li> jl nonaider, 
ablo extent undtho net result is tlm formation 
of a mixturo explosive in every jm rt of it, and 
of an avorago composition of 1 volumo of coni 
gas to 9 volumes of other guno-s ; thus tho 
proportion of oxhaust gases present is foil 
small; that thoro is any at all ai lnon from the 
necessity of preventing any approx.iliiblo loss 
of fresh mixture through tho oxlimint ports, 
'L'ho mixturo employed was a oom immtmily 
rich one. 

(v.) Efficiency ,—In theso engine h tlio value of 
the compression ratio, 1/p, was > '-wJu'iiuo tho 
“Air Standard” offloionoy is 1 — C 
Regarding this ns tho highest inmuoivahle 
oflloionoy, tlio degrees of excel Ion. cm „f (] ]y 
engines givon in tho tablo are to bo tmlimuted 
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relatively to 0-13(1 ami not to unity; thus wo 
ha vo 


Absolute mitt indicated 
thcrnml eflluioncy 
Air standard , . . . 

Kfllciimey rolatlvo to nir 
standard 


•1UI 466 .105 .101 .203 

•30 -30 .30 .30 -30 

■372 -10L> .100 .5-1 -50 


so that in the cnao of the ongine of ]2 nominal 
horse-power tho relativo nott indicated thermal 


Successfully utilised in tho special design of 
largo horizontal gas engine made by Messrs. 
ICorting of Hanover, and the He La Vorgno 
Co. of New York ; n typical section is shown 
in Fig. 5. Tho engine is of tho single- 
oylindored double-acting typo, and working 
on tho two-stroko C 3 'cle, thus furnishes two 
impulses per revolution of the ornnlc-shaft as 


Table III 


Test Results of Gj.euk Two-stroke Engines in 1881 





Nominal Power. 


No. 

Item. 






2 Tl.P. 

1 ILL’. 

o ir.p. 

8 Jl.P. 

1211.1’. 

1 

Diameter of motor piston, ins. 

13 

C 

7 

8 

9 


fjtrakc of motor piston, ins. 

8 

10 

12 

1G 

20 

:t 

Diameter of displacer piston, ins. 

C 

7 

7.1 

10 

10 

4 

Stroke of displacer piston, ins. 

9 

11 

12 

13 

20 

6 

Itovolutions of engine per niinuto 

212 

190 

140 

142 

132 

°{ 

Mean cffcotivo pressure in !ba./«q. in. from motor \ 
oyJimlur diagram j 

43-2 

(J3-U 

63-2 

HO-3 

114-8 

7 

I.H.I*. from motor oylimlor diagram 

302 

8-G8 

903 

17.38 

27-40 

8 

H.I’. absorbed by displacer 

0.40 

0-80 

0'8(i 

1-00 

2.00 

0 

Nett I.H.I*. of engine (item 7-item 8) 

3-22 

7-88 

8-10 

1/3-88 

25-4(1 

10 

B.II.F. of engino 

2-70 

5-03 

7’23 

13-60 

23-21 

11 

Nett I.H.L’. — H.H.P. 

0452 

2-25 

0-11(1 

2-19 

2-26 


H.H.P. 






12 

Mechumeal efficiency u=*—:y -.t- 

' nett 1.11. P. 

•81 

•72 

•88 

•8G 

•111 

13 

Approximate) calorific value of gas, C.TIi.U./oub. ft. 

320 

320 

320 

320 

320 

J4 

Oas eonsumptiou, cub. ft. jx.-r l.H.I*. hour (item 7) 

20*38 

24-19 

24-23 

20-04 

20 •!!() 

If! 

Clas consumption per nett I.H.L’. hour ; cub. ft. 

330 

20-G 

2(1-8 

22-1) ’ 

22-1 

10 

Gas .consumption per JI.II.P. hour; onb. ft. 

30-1 

37-2 

30-2 

20-0 

241 

17 

Absolute thermal efficiency on nett I.J1.1’. 

■134 

•1G0 

•108 

•lilt 

•203 

18 

Absolute brake thermal efficiency 

•112 

•119 

•140 

•16(1 

•184 

ID 

Compression pressure, lbs./sq. in. (nbs.) 

C3 

• 70 

03 

at 

72 

20 

Maximum explosion pressure, lbs./sq. in. (nbs.) 

170 

2f>l 

219 

210 

2n:i 


efficiency was GO per cent of tho air standard. 
Actually, as explained in tho previous article, 
the air standard—obtained on tho assumption 
of constant apecilio heat — represents an 
impossibly high ideal, tho maximum attain¬ 
able, with varying specific heat, having tho 
lower value for 1/p = 1 of only about 0-29: 


in an ordinary steam engine. It comprises a 
closed, wator-jnokolcd, cast-iron cylinder A A 
provided with a ring of oxhuiist ports Ml nt 
tho miclcllo of its length, and containing a vary 



Fia. fi. 


hence tho comparison of performance is 
properly made between an actual thermal 
elfieionoy of -203 and an ideal thermal effi¬ 
ciency of '290; and thus tho actual engino 
in this ease realised no less than -203/-290, 
i.e. 70 per cent of the attainable ideal. 

§ (10) (e) Tim Kohtinq Engine, (i.) De¬ 
scription ,—The Clerk two-stroko oyolo is very 


long piaton CC which overruns tho ring of 
exhaust ports in ita rceiprooations, opening 
theso ports to tho one end of tho cylinder a ltd 
the other alternately. Tho piaton is attached 
to a piston rod which passes through a 
stuffing box in tho cylinder cover and in 
connected to an external crosshcnd an in 
ordinary steam-engino practice; thence tho 
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power ia transmitted to the crank-shaft by 
a connecting rod as usual. The external 
ero.ssliead not only keeps the “ gudgeon ” 
bearing or “ small end " bearing of tho 
connecting rod cool, but also relieves tho 
piston of the lateral thrust due to connecting- 
rod obliquity, and thus much reduces cylinder 
and piston wear. Largo gas engine cylinders 
adequately lubricated, and using gas free 
from dust, show but little wear, a 400 B.H.P. 
cylinder after one year’s working, for example, 
showing an averago wear of only *013 of an 
inch. The cylinder is closed by deop cast-stcol 
well water-jacketed covers EE, in which aro 
housed tho cages containing tho mixture 
inlob valves 1)1), normally hold up against 
their seats by helical springs, and oponed 
during tho necessary intervals by a simple 
arrangement of rods and lovers operated by a 
single eccentric on tho crank-shaft. 

In those largo engine's, instead of tho singlo 
“ mixture pump ” or “ displacer ” of the Clerk 
engine, separate double-noting pumps are pro¬ 
vided, one of which supplies air only and tho 
other gas only. Tho displacer crank is placed 
about 100° in advance of tho main crank, 
ns in the Clerk ongine, and thus the air pump 
piston has travelled a short way on its dis¬ 
charge stroko when the inlet valvo opens. 
The gas pump, however, is so arranged that 
gas is not delivered until somewhat labor. Thus 
a considerable volumo of air only (lows into 
tho cylinder at first, displacing and cooling 
the hot exhaust gases, so that when tho fresh 
unburnt gas enters later it mingles witli tho 
relatively cool air in the cylinder, and thus 
risk of pre-ignition is minimised. It is very 
important in large gas engines to arrange 
that no explosive mixture shall bo formed in 
chambers or pnssuges; in tho ICttrtiug engine 
the gas meets and mixes with the air just 
above tho inlet valve. In small gas engines 
tho gas and air may ho mixed in the pump or 
“ displacer,” a back-lire into the pump boing 
of little importance; in a large engine, how¬ 
ever, ill Similar circumstances, the result of a 
back-fire might easily prove a serious mutter. 

(ii.) Method of Working .—Tho charge having 
entered tho eylindor—first air only and thou 
mixed gas and air—tho exhaust products 
having boon tlioroby displaced, tho working 
piston has closed tho ring of exhaust ports by 
a crank movement of 40° to 45° from tho 
dead centre. Compression then occurs, fol¬ 
lowed by ignition and subsequent expansion, 
rho air pump valves aro so arranged ns to 
deliver a full charge of air at ovory stroke 
whether tho ongino ho light or loaded, but tho 
gas delivered by the gns pump varies in amount 
ns determined by the governor. Ignition is 
elootric, and occurs at two points at each ond 
'••uW nn.i -'cans aro provided by 
oan bo regulated 


by hand while tho engine is ru 
gases, as e.g. blast furnace gas, 1 11 in ’ . t ‘ ,u !“*•* 
ignition than producer gas, and t hin, in like 
manner, earlier than coal gas. yVJh'ii* Uu» gas 
is liable to variation in quality bl * ■ H n«lj ustahln 
ignition arrangement is very usc.i’t * • • Iv'lnuiiiK 
at light loads, the mixture of ,ini1 ,lil ’ 

admitted after the preliminary tdimgc of air 
only being of practically constant c!< imposition, 
a readily ignitible charge always oasinlM ilI, ihn 
ignition plugs, and thus regular'll rill K niismvd 
at light loads. 

(iii.) Performance. —Korting or n, ' a ^ ll vhig 
an aggregate of fully a quarter «»f a million 
horse-]tower havo been built, an <1 ttioy onm- 
pete strongly against the four-s^t-i - * •!«» typos 
they aro built in sizes of from allot 1 1- 'ldl> JUI.I*. 
with a 221 ineh eylindor and ■}!)> jiiolieH nlrnk<>, 
running at 110 revolutions per niinnln, to 
2000 lioi-so-power from a singlo cylimbw of 
•13 inches diniiioter, the stroke boinjJJ Dfi mdtes, 
and speed up to 00 revolutions pm* iiiinii to. 

The following rcHults wero uliliiiticd mi lest 
with a (100 B.JI.P. Klirting ongri i io in Mill! 
(•Tungo): 

fewer piston, 20-7 in. diameter— sir* ►!<«*, JW *1 In. 
Piston r<xi, 81 in. diameter — it*v« diitioim par 
minute, 80 . 

Diameter of double-noting air puiut', ft I -I in.—- 
Btroke, 42-fi in, 

.Diameter of double-noting gas piinv|i, 2741 in.— . 
Btroke, 42-B in. 

tfud i produoer gns from iinUirnolln. 

I.1J.1*. dovelopwl In working cylinder : 8 15. 

B.If.P. of engine: 073 , 

Fluid resist unco l.tl.P, of pumps s BH. 

llutio of pump rcsistauco to t-otsil J.l I. I \ : <>• I(• I. 

Power— Piston sjK'ed ; 735 ft. per mlinit,'. 

Mean offirotivo pres sure, p, on innvei' pinion i 
r ,5 0 IhH./mj. in. 

brake mean olTectivo pressure, 7771; d t ».U ])m./nq, 1», 
AiilhrnoHo hniiusl per JJ.lf.P, hour : O-H lb. 
Estimating the mcolmnioftl ellloiemiy tin llm value 
of tho ratio Jur.p./'l’otfl! r.H.l*. gives y, . .O H, wlrleh 
ih rather low, and is duo to Mm si.moxvliat high 
pumping resistances which in this partJmilnr .•iijtiim 
ammmlcd to lrt-4 pnr cent of tho toll*) .1.11.1*. • In 
Inter designs Ihn pumping resin Uukh-k have lie.-n 
much rediicixl and the incolmnionl eflltdi-iiiiy oonv- 
fipondingly increased, For Weight jier 1*. I |. I \ ,if this 
typo of engine sen 'J’alile T. (fmpro). 

., § 0 1 ) if) Till! Two-stuokk Ohctii kt.ii,viwi;u 
Enuinm. fi.) Description. —A second typo of 
successful largo two-stroko gas engine working 
011 a modified Clerk cycle is that of | > r. f li-idiel. 
hausor, of whioli n diagrammatic j iMcvdinn in 
shown in Fig. (3. The engine is of iho | 10) -]. 
7.011 tal, single-oylindcred, single-art C i 117 / fy.„. ( 
hut tlie oylinder AA is open at hut ft onclsmul 
contains two pistons B, B', working; in opp, e <ile 
directions. dust before reaching tho extreme 
“out” position piston B overruns tin* ring 
of exhaust ports 0, whilo piston. :\V IIO xf, 
overruns first a ring of air inlet pm-tn I), mid 
very shortly afterwards a second ring (l f 
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ports E. The burnt exhaust gases immediately 
escape through (ho ports (! and are ussistod 
in their exit by the charge of fresh air under 
slight pressure which enters through llio 
ports I), This fresh air mingles with, and 
eools, the residual exhaust gases, Unis minim¬ 
ising risk of pro-ignition and also avoiding 
appreciable loss of fresh fuel through the 
exhaust ports when the gas is subsequently 
admitted through the ports 1C. The mutual 
approach of the two pistons eelipscH the ports 
and the on trapped mixture is next ennipressed 
between them ; at the end of the in (mini- 
pression) stroke, the mixture is lirod eieetrio- 
ully as usual, ami the expansion (working) 
stroke then follows. 

The double-noting pump H nets on one side 
as an air pump and on tile other ns n gun pump ; 
gas ami air are separately pumped into (lie 
separate reservoirs IC and L respectively, 
wherein they are stored at a pressure of fi to 
(1 lbs. per sq. in. above atmosphere. 

It will bo seen that with this armngomont 


eylimler and driving it from n disc crunk-pin 
on the end of (lit' crank-shaft. The cylinder 
also has been much shortened by the- ingenious 
dovleo of lilting spring rings in nneli of its 
ends, whieh rings hear upon the piston mir- 
fae.es ; in this way the pistons can bn arranged 
to protrude [nun the cylinder ends by a con¬ 
siderable amount ivt mit-stnike, in noli as in 
the ease of an ordinary plunger pump. To 
prevent “canting” of the pistons both are 
rigidly attached by short piston rods to sliding 
onmsliendu guided hull) vertically and hori¬ 
zon tally. 

(ii.) Working .—The two largo pistons alter¬ 
nately' issuing from mid recoding into the 
working cylinder set up pulsations in the 
atmosphere of the engine-house, and I hose 
may cause troublesome rhythmic vibrations 
of windows, partitions, etc. ; this notion is 
groiilly reduced in oases where two engines 
are installed in the same engine-house with 
crank-shafts so arranged ns to differ in phase 
by 1K0°. 



no gns and air mixture exists anywhere hut 
actually within the working cylinder. To 
further diminish loss of imoommmod gns 
through the exhaust the maximum quantity 
of gas and air dellvorcd into the eylimler is 
only about 0-7 of the cylinder volume. Govern¬ 
ing" is o(tooted, us in the Kdrting engine, by 
reducing the gas ('barge at light loads. 

The crank-shaft Ims three throws; to tlio 
middle throw piston 11 is linked by the usual 
connecting rod, wliilo tho two side throws 
are linked by side connecting rods M, JT 
to oroHshoads 0, O', which are coupled up by 
rods 1’, T' to tho bridge-piece Q carried on the 
piston rod It of piston B'; thus tho crank¬ 
shaft is subjected to a practically Hiinplo 
torqno, and tho cylinder is not rcipiired—ns 
in all other engine designs—to supply tho 
reaction to the notions on the working pistons j 
as a consequence tho engine frame ami cylinder 
cun he made lighter than usual. 

In tho design illustrated the gas and air 
pump is shown driven directly by tho piston 
rod J.l, hut in later designs the onginc dimen¬ 
sions are imioh reduced and weight diminished 
by placing tho pump at tho side of the working 


Tho two moving pistons cause tho rnlen of 
compression and expansion of tin* Working 
gases to bo twice ns rapid as usual, whieh is 
therm ndynumieuUy advantageous. 

(iii.) i'c.rforntuuce ,- Tests by l'mfcHHni*Meyer 
in 11)011 of a />(}() h.]». Horsig-Deoliellumsur 
engine furnished the following results: 

DmiiSHiojfs or Hnhwi; 


Diameter of cylinder 

2(1-fl in. 

Ntroko of front piston . 

i!7'(> „ 

iSlrokc of liaok piston 

u7-:i „ 

lhul'tr.'UCliiiQ Air Vnmp 

Diameter of cylinder 

'i-i it „ 

Stroke of piston .... 

It)-7 „ 

Diameter of front pinion rod . 

■Ur, „ 

Diameter of hack |iislon rod , 

t> -7« „ 

Siinjle.-ar.tiwj flux I’ump 

Dininoter of cylinder . . . 


iSlmko of pinion .... 

MJ7 !! 

Mower 

Dinmcter of cylinder . . . 

(15 ,, 

Stroke of piston .... 

:i7-:t „ 

Diamelcr of piston rod . . 

(*■<> „ 
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Number of Trin], 


VJ IT. IX. 


Dumlion of test, minutes 
ItevnlutioiiM jkm" minute, average 
Menu olloolive pressure p in Ihs./sq. in. 

Total I. H.l*. /rnm working cylinder 

It. fT. I*, estimated from 111 owing cylinder 

Air pump, menu effective pressure, front, II«./r{(. in. 

Air]>iinip, menu effective pressure, buck, IIw./hi|. in. 

I'M’, absorbed hy sir jniruji 

(ins jiinnp, menu clfeativo pressure, ll)s./e<|. in. 

II.P. absorbed by gns ptnn)i 

Total II.P. nliam-lieil by charging pumps 

Meolinnioal efliaioncy of lilower 

11.1'. nlisorliod in ongino friotJon 

Calorific value of gas, C.TJi.U./oul). ft, (lower) 

llonl supplied, (l.TIi.U. |x>r total J.JI.l*. hour 

Heat supplied |»er JUI.P. hour 


m 

lOK-li 

(12 -;i 

715 

■IHrt 

a-7:* 

70-0 

U-7M 

H'fi 

87 r, 

•71 ►ii 
1211-2 
um-r; 
:t7o:t 
(if 20 


I llHW 
107-1 
o:!ti 
707 
•17.T-H 
trull 
:i-ii i 

H-I-A 
:iit i 
Hit 
tlillJ 
•787 
I iilid! 
lido .1 

fiioti 


The fuel lined was coke oven 

gas having 

average composition hy volume; 


Hydrogen .... 

. -II-7 

Carbon monoxido . 

. Ill) 

Marsh gas ((ill,) . 

. Iil-5 

Heavy hydrocarbons , 

. 20 

Nitrogen .... 

. 170 

0-W> . 

. o-3 

Cnrhon dioxide . 

. fid) 


too 


and tlio aver ago eoiiHiimption on llu>so testa wna 
10-8 cubic fret jier total I.J1.P. hour. 

Tho absolute tliormnl olfloionoioH realised 
wore : 

Absolnto indicated thermal \ ,, U( . OOH . 

utlle.lonoy f ’•®® '.ISO -Bill -SHU •381 

olllchuioy } •‘ !(| 0 •yOB -BSS - 2 <U -2fi8 

Tlio moohunicnl eflmionoy, (xikoii u.<t the value 
of (lie ratio IULI'./ToIhI varied from 

O ti7 to 0-7/5, a somewhat low mmlt; tlm joint 
pumping resistances ranged from uliiml, it per 
e.mfcut full load to |.*J per eeu tat the lowest lest 
lend---culeiiluted relatively to Mm total 1.11,1'. 

Tho consumption ,,f lubricating oil in tlm 
working oyliiuler was at tlm average rale of 
Mi) Ih. per hour. At full loud 4-4 gallons 
of water were lined per total T.If.B. hour; 
tlm eooling water tom pern lure on entering 
was 212 " and on leaving <12° (!. ; hence 
‘Wx2l)is8(i(| C.Th.U. of heat were carried 
oil hy the (tooling water jmr 1.11.1', hour; 
ho that, at full load, tho heat expenditure 
aodount was roughly : 

11ml Rr.pmlilurc per Total /.//./'. Hour, O.Th.U. 

Converted Into mcohnniont work . MM 
Carried oil in (tooling water . , ggo •>.{ 

Carried oil' in ox 1 must gases mid I 
general heat losses / 13«JJI 87 


(iv.) Iiiihatlor Ih'iujram .—In oliCn iidng iiuli- 
oal.tir diagrams from an engine it in usual In 
ho connect up the recording drum that I he 
angle turned through hy it is nl\v/fcV>« pmpnr. 
tional to Urn distance travelled by I lie |tiulon 
along i(H stroke. In tho case of' the (Jerlml. 
hansel' engine a speeial precedin'** lircmurti 
noccssary, us tho two jiistons do lit it. tnnve 
exactly alike. In (ho explosion jn».iiti<m Bio 
middle throw of tho crnnk-shiift, whi.-li in 
driven hy the front pinion—is nt ifn inner 
dead centre while the two side IJirowo driven 
hy tho batik piston—aim at their ( tutor dead 
ccotro. When tlm double working Mioko 
commences, due to oonimoting-md »> 1 dignity, 
tlm front piston travels more rapidly I him tho 
l)ack piston, and this contimms ui'iJil mmily 
half Htroko ; thoruaffor Uio front jijm ( i *i i nmvra 
iiioio slowly llmu tlm back. Thus Fit/. 7 .dunvn 
by tlm inner heavy lino the diagram oMnlnc.l 
fn.m an engine with reference to tho 1>,„h 
pinion; when (ho back platen bm< moved 
through ()A Mm | Hossure upon it is gi v o 11 P i v AH. 
Hut at tho same instant the front [titd.m J M ,„ 
desenhed more of Us stroke and Ims n-iudud 
Homo point, ns 0; drawing a vortical ilirongh < ’ 
to nicet a horizontal through B in | \\ it 
evident that .1'/ is a point on Iho dim.mm 
corresponding to the front piston. hi lJ.iu 
way tho front piston diagrams onn hr <i»i- 
Klrimtcd, as shown by tho outer full lino • 
midway between is drawn in dotted liru-i f he 
corrected’’ diugram from whioli (dm | Mm 
mean effective pressure is deduced, | n H ,nnn 
eases tlm truo M.K.P. is as much as If) »„>r eon I, 
greater than that deduced from tho „j„oM 
diagram as given hy the indicator. 

§ (12) Day’s Ehoihk (1.) Jtawr i/itiun. - 
Ltm ingenious two-stroko cycle vnlvnh'xH onultm 
invented by Day in 181)1 may ho briefly 
M> Imre ns it is largely used at the prow (nil- dav 
in very small sizes, ns n.</. in Uu> 4 iicli-ih 
engines of motor bioyeloa, launches, otti. 
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engine is not of high volumetric ollioienoy and 
its fuel consumption is, in gonoml, rather heavy, 
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A diagrammatic section of the usual 
" three-port ” Day engine is shown in Piij. X. 
Thu ascent of the piston causes a partial 
vacuum in the crank-chamber, anti when near 
tlio top of its 


Movement of 
Baok Piston 



Stroke of each Piston 


iapo of a portion of each fresh 
'it tlio exhaust. Its simplicity 


Movement of stroke its lower 

F Ti!^T edge uncovers the 

~ port A, thus allow- 

I ing an inrush of 

, .. -^— ,—. carburotted air. 

C O A Tiio subsequent 

! | dosccnt of the 

.. , piston first closes 

Baok Piston A and then com¬ 

presses tlio charge 
in the crank-chamber to fi or 4. lbs. per 
sq. in. above ntinosphcriu pressure. When 
near tlio bottom of its stroke, the upper edge 
of the piston first uncovers the oxhmmt 
port B, and then tlio inlet port C; tlio lip 1) 
on the piston deflects tlio entering stream up¬ 
wards so ns to minimiso loss of fresh charge 
by “ short-circuiting ” through tlio exhaust 
port. The piston next rises, cutting off the 
ports C and B, and compressing the 
fresh chnrgo into tlio combustion head. 
At or near the top centre tlio mixture 
is fired and tlio working stroke follows. 
Loukugo of charge from tlio orank- 
olnunbor iB com¬ 
monly prevented 
by making tlio 
crank-shaft hear¬ 
ings very long, and 
V greaso is some¬ 
times used in these 
as lubricant. 

(ii.) Performance.. 
—Experiments on an ongino of this typo by 
the lato Professor W. Watson and Mr. helming 
in 1010 showed that the proportion of each 
fresh charge which escaped unhiimt through 
the oxhftiist port was considerable at low 
speeds, but diminished as the spcod increased, 
ns shown hereunder: 


At Revolutions 
pur minute. 


Per emit of 
Fresh Charge lost. 


of action and relatively low manufacturing 
cost, however, are resulting in its increasing 
use in the smallest class of engino. 


The mean oileotivo pressure was much 
higher at low than at high speeds, ranging 
from about 62| lbs. per sq. in. at (11)0 r.p.rn. 
to 4-11 lbs. per sq. in. at lfiOO r.p.rn. Tlio 
volumetric efficiency was only about 40 per 
cent, and varied but little with speed, the 
greater loss of fresh charge through the exhaust 
port at low speeds approximately counter¬ 
balancing the larger volume of charge then 
ontoring the cylinder. 
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Owing In tiie relatively largo proportion 
of burnt oxhnust gases in the charge when 
iirod, the “ mixture ” .supplied to this typo of 
engine needs carefully adjusting within some¬ 
what narrow limits in order to obtain regular | 


or lamp oil”), gas oils, inter !» 1 <>l 
crude oils, residual oils, and even I' 1 '* “'* H - 
The following tablo gives h**'* 1 '* 
obtained from tests of samples' *»*" lJ “’ 
usual oil fuels : 


oils, 

ligmv.H 

more 


Taiu.h iv 


IhiQurlplion of Pud. 


Crndo enal lur. 

Ilaliiin refuse petroleum nil 
A heavy Russian crude oil 
A Russia]) pig r<ileum refuse 

Texas fuel nil. 

blast fi irimvo oil. 

Asiatic (Russian residual fuel oil) . 

Afi American heavy crude oil .... 
lienzel (a hy-product in coal-gns maniifaeture) 

A light Russian crude nil. 

“ Hussolene ” (a reliiied Russian petroleum). 
Broxburn lighthouse nil (from slmlo) 

“ Royal Daylight ” (a roflnod 11 lamp oil ”) . 
An AinoHonn “ Kerosene ” (lamp oil) 

A heavy petrol. 

A light petrol. 


ignition ; otherwise ignition only occurs at 
ovory nltornato out-stioko, and the cngluo is 
said to “ four-stroko ” in ordinary parlance, 
tho intorinediato atroko having only a “ scav¬ 
enging ” action. Wlion alternate tiring takes 
placo much higher explosion prossurcs nro 
attained, duo to the richer mixluro then present. 
Tho power output of these small onginos, duo 
largely to their low volumetric ollloionoy, is 
usually only from about 10 j,or cent to 30 per 
cent greater than that of a woll-dosigncd four- 
stroke cyelo ongino of the same boro, stroke, 
and speed. 

It may lie noted that Lheso engines will run 
equally well in whichever direction they may 
ho started, and this feature is of value when 
they aro used for tho propulsion of motor 
launches, and in other cases where ready 
reversibility is required. 

§ (13) II haw Oir. Enoinhs. Ddaih of 
l uch .—With tho volatile liquids or " oils ” 
of spooilio gravity less than about 0-76, uud 
flash-point usually lower than tho ordinary 
atmospheric toniporaturo of Id 0 0., ns naphtha, 
petrol, benzol, etc., the formation of an ex¬ 
plosive mixture with air is a simple matter, 
and tho earlier onginos accordingly used such 
light oils ” ns they wore termed. The problem 
of readily forming an oxplosivo mixture of 
"in composition of tho heavier petroleum 

* U mnnU .. • 1,m ~ult, though 

\Y tyjios 
ryday 
aflln” i 




ConiiKisItimi l>v 

Wciaiit, 


KiHicKlfi 

Did Vi I,y. 


|u»r cent, 
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i -or. 

82 •<) 

7'(l 

KM 


•1M7 





•rcw 

«(>•() 

128 

Id 



87 ■! 

11-7 

1-2 


■():>:* 





•»-*() 

83-11 

1(1-0 

fi-8 



81-II 

i 1-0 

Id 


•881} 

81(1 

13*7 

l-l 


•88 



/ 

•881 

8(K1 

13(1 

()•] 

1 

•878 





•8l>r» 

8(H) 

M •() 

0 


•810 

80-01 

1,’t'DO 

()•()!) 


•7(17 

8r>-7 

II-2 

0-i 


•71)0 


1-1-21 

()•(!(! 


•7(>0 

, , 



- 

•7Ifl 

8;V2 

M-8 

0 
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I'lgures for petrol nro given to cimJiln a com¬ 
parison to ho miulo with tho Imavier oils; 
it will ho nhsorved that for the heav v -A morlomi 
and Russian petroleum oils the avm'n gu (Imvor) 
oulorilin value in C.Th.U. per lb. vi.rtcm hut 
little from a mean of 10,300. 

, §(^ 4 ) (fl) •f.’iiM Houxsny . ; \kh, »vi) On. 

Kncijnij. (*•) —-Nuninri jiih <]t*viec;i 

•mi omjiloyed in heavy oil engines Ic * vaporise 
the charge ol oil forming tho oxplosi vo mixture 
with air. The type horo selected ft nr <ltm.-rip. 
i"n and illustration is that in whlc'li a com. 
hinod vaporiser and explosion eliumluw hi 
formed as a prolongation of the cylinder com. 
bust ion chamber; of this typo tho Ix-H-kuowi. 
oxainplo is tho 11 ornahy-Akroyd cit/.-iiu-, <>f 
ft longitudinal section' is hIkuvii in 

Tlio engine is of the usual horizontal, nlnglo- 
aeting, single- (or double-) oyIind<.M-<Mj, Tour- 
stroke type, hut is provided at tho omnlnmlmi) 
ollaiuhor end with a partly or wholly 41 nnunled 
smaller vessel A, termed the “vft]M.H«or" or 
hofc-bulb, which is constantly in £r<;o rum- 
mimieation with tho cylinder thmupcli a rela- 
lively narrow neck or “ohoko” |) ; (h,, 

cylinder is also provided with an air irili’i, , ( »i| 
nil oxlmlist valve of the usual type both 
cam-operated, whioli are not shou-ii f,, h.,, 
ligure. 

the oil tank is formed in tho enjrri, 1(} 
plate; a centrifugal governor roguiivtrcm (he 
engine,speed V opening a by-pass u lmn tlio 
speed increases, thus permitting a poiqj„ n u f 
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with resulting deposition of carbon, which in 
time chokes up tlw vaporiser. Tho tempeoi 
tine is regulated, by admitting more or l<\< i 
wilt or to tho jacket C which sunomidu I lit- 
licet; and part of tlio vaporiser ilnolf. in 
many hot-bulb engines, howevor, prc-ignilinii 
at heavy loads is avoided by allowing a few 
(Imps of water to outer the ehntnhor ibiiini' 
tho later singes of compression. On (lie 
oMior hand, t-iio vaporiser may beeninn Ion 
cool when tho engine is run at light load, 
and in this case the lamp must be lined. 

(iii.) Performance. —A lest of a 2f> Inn.-ie- 
power Hornsby-Akroyd oil engino made by 
Professor Robinson in 1808 gnvo ix-huHo an 
follow: Piston diameter, 14*fi in.; slrnke, 17 
in.; fuel," Riissnlcno.” At full load thn engine 
ran at 202 0 revs. |Kir minute an<l gave 21171 



tho oil delivered by tho oil pump to pass back 
into tho oil tank. 

(it.) Method of Working .—To start tho engine 
tho imjackoted portion of the vaporiser is first 
limited by a blow-pump for about 10 minutes; 
tho fly-wheel is next turned by hand and tho 
piston performs its auction stroke, drawing, 
through the inlet valve, a clinrgo of air only 
into the cylinder. This air enters tho cylinder 
direct, without passing through tho vaporiser. 
Simultailcoiialy a ohurgo of oil is sprayed into 
tho “ hot-bulb ” by tlio oil pump shown, and 
this at onco vaporises. On the return stroke 
of tlio piston tho air is compressed, and a 
portion passes through the nook B and mixes 
with the vaporised oil. Tlio mixture ia at. 



first too rich to ignite, but tlio ongino iH ho 
adjusted that just as compression is com¬ 
pleted the correct explosive mixluro is readied 
in the hot-bulb; tho heat of tho walls then 
causes explosion and the piston moves out¬ 
ward and performs its working stroko ; this 
is followed by tlio exhaust in-stroko, and 
tho oyolo then recurs. Tlio wholo device is 
eminently simple and lias proved very success¬ 
ful, and a great niimbor of internal combustion 
engines, both of four-stroke and two-stroke 
typo, uro nuw nuulo on tho “ hot-bulb prin¬ 
ciple,” 

After running for a few minutes it is found 
that tho blow-lamp may bo removed, tho hot- 
bulb temporaturo being thereafter sustained 
by tho heat communicated to it from tho 
successive explosions; tho ignition then be¬ 
comes completely automatic. If tho vapor¬ 
iser bo allowed to become too hot pro-ignition 
occurs, and tho oil may also bo “ oraoked,” 


(alis.); and moan oft'eotivo pressure about 
44 lbs./sq. in, 

Tlio oil per B.II.P. hour wiis 0-74 Hi., tmr< 
responding to an almoin to brake tlionnul 
ofilolency of -38f>. Tho best eimipici.iinn 
pressure for use with any given oil in found 
by exporioneo; thus *' Russolono" wim funml 
to permit n higher compression, and In giro 
Ifi per coat to 20 per cent more power I him 
‘‘Royal Daylight." Compression may In- 
varied by fitting cUfforcnt-uivuMl viipniinoiii, 
and in engines of over about fiO 11,11.1’. by 
fitting distance-pieces to tho enmlc-pm end 
of tho connecting rod in addition. TIivmi 
engines run host oil kerosenen, and pni-limihuiy 
with tho standardised Russian oil of 
sp, gr. and 30° C. Hush-point by Alml vWit 
teat; they have, however, also boon run on 
crude, gas, and residual oils. 

Later tests linvo fumislied si ill bid tor 
results; thus in 190S Professor Rubidium 
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obtained from a :)2 B.M.T. Hornahy-Akroyd 
engine using Russoleno {eal. value in this cn.no 
10,250 O.Tii.U. per lb.) a consumption of only 
0-013 lh. per B, M.I*. hour, corresponding to 
nil absolute brake tliormal oflicicney of •220. 
Single-eylindcred engines are constructed up 


,,f vrry high 
i f.i'tmiu'ly lino 
wort; in 



I-’W. 10. 


and with two cylinders to 


to 185 B.IT.P, 

370 B.IU>. 

§ (lf>)(A)TlIH “CoNH'I'AN'I'-miSSUIill” Cvor.K 
? IKS f ItNOiNJS, (i.) Description,— load- 
;ng ohnmotor,sties of the Diesel engine are: 
(!) the compression of air only up to the 
Maximum pressure attained in tho ovlindor 
Jimtn iy from 4T>0 to BOO lbs, per sq. in.; ,«„{ 
(2) the regulated admission of tho fuel, usually 
ft heavy imnoral oil-blown into tho coni- 


hiisttnn chamber by a blast 
pressure air —in aatutu of oX 
H|>my, during tho first part (t - f |.hc 
stroke, so that it burns at lL i j j » r< ►xinmtely 
constant jiressuro, tho i/ r ti i 11 < »> a • •cciming 
automatically from tho t« mi 11 ii i ni hi in 

developsi in I bo udiu- 
batically ci >mprcHnoit 
air. Tlici nv'< f h> has been 
eonsiMoroil’ iVnm tho 
thormoi(ymHi i in utaud- 
point in <fi<? nrfiulu mi 
“ Engirintfj rf'lii'i’ino- 
dynamicH Lifenml 

Oomlni8lh,ii. ,> 

A section I hrough a 
usualtypo,>f IV m ir-idmko 
Diesel (niginii in shown 
in Ji't'f/. to. i t, «ill he 

«oen thiLfc ( ho utigino is 

of the invert or l veil inul 

singlo-aoth igf f-.y po, com- 
prising a loiiuf n ml heavy 
piston A wiirU in/c within 
ft Well wnl t M’-jm<l«dod 
cylinder |i, and ilriving 
tl») ornnlc - (! 

through l(i<* nmial typo 

of conneeiintf rod J>. 

In tho dump wal oi'. 
cooled do 1. mi ini hie 
cylinder liriul 1*1 mo 
situated Mm nil' inlet 
and exhaust, vii I vru (not 
shown in t.Jni t1 ingrain), 
"'hieli aro of I lie imiiul 
poppet ” m- “ ntuiili. 
room” fcyp<>, th nnmlfy 
held up to Uudr seuf'a 
by springs nod ripened 
inwards liy ca run nil an 
overhead' idiafl, 11 
through Mm rryforwy i«f 
rollor-eniiml n ,,d< lug 
lovers ns iiirlh-nfnd. 
Tho shaft I I in (K f 
courso drivon tit. half 
tho speed of ( ho manic, 
shaft, Tho fui»I I^nilhm 
valve IC iH aim > 1 orated 
in the oylimUm head, 
mul in rooont rfr-Mlgaa in 
. generally plncmrl J n die 

centre; it is a fundamental difflcmlf, v in all 
internal combustion ongines wherein t-lic* fuel p. 
sprayed into tho oombustion’ohnmhor u. «, , M ,, nr 
tho instant of maximum compression ( o K( , 4 ,,j,. c 
a uniform mixture Riving rapid and cut inplole 
cninhustloii, and some of tho enrlio,' ;i)f, (lM .| 
designs failed largely from this (Iiiuhc, nhnio 
•liy placing tho fuel injection vuivo ia 
centre of tlie cover, and so forlning it-M (irSf| ( .,,„.. 
and often tho ujipor surface of tho j do ton 
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crown also—ns to assist in the instant forma¬ 
tion and uniform dif>|iersif»n of the cloud of 
spray throughout the combustion chninlxu' 
spnoo, this diflimiity is overcome. 

(ii.) Method of Working .-—The engine is 
started as follows : tty means of n hand lever 
the oranh-shaft is racked round until tho 
crank-pin is just over the top contro; next a 
starting lever is operated by which a starling 
cam is brought into working position. Tho 
fuel blast reservoir valve and starting reser¬ 
voir valve being next opened, air from tho 
latter at a pressure of 700 to 1)00 It is. poraq. in. 
enters the cylinder through a small starling 
valve situated in tho cover, and the ongino 
immediately moves off. After a few revolu¬ 
tions under tho compressed air from tho 
reservoir the starting lover is moved hack, 
and the ongino at once takes up its normal 
working cycle and continues to run. Tho full 
revolution rate is attained at once, but tho 
normal power output is not reached until 
tiro cylinder is well warmed up. 

In the ease of a now ongino tho air reservoir 
for starting is sent out fully charged ; there¬ 
after its pressure is maintained by- a small 
pump driven by the engine itself. 

Tho charge of fuel is also blown into tho 
tsylindor through the fuel injection valvo hv 
a blast of air from this reservoir. 

Tho fuel injection valvo comprises a needle 
valvo held down on its sent by a spring and 
lifted by a eam-oporated lovor. A fuel 
force-pump delivers tho charge of oil fuel into 
a narrow annular space surrounding tho 
needle which is also in constant communication 
with the air-lilast resorvoir during tho running 
of tho ongino. lionco immediately tho nccdlo 
valvo is raisod the ohargo of oil is blown 
with great velocity into the combustion 
ohamhor through an expanding nozzle, in tho 
form of a uniformly diffused cloud of mist 
which instantly inflames in tho ndiahatiealiy 
compressed air whore temperature is at tins 
instant from 000-060° C. Tho fuel is caused 
to enter tho combustion ehambor just before 
the completion of the compression stroke, and 
at full load tho injection is continued during 
the first 20° to t!0 u of crank-shaft revolution, 
tho mixture burning at approximately constant 
pressure during admission. Engine speed is 
controlled by a governor actuating a by-pass 
valvo in the fuel pump supply whereby a 
variable proportion of tho pumped oil is 
returned into the auction pipe as the ongino 
load is varied. 

Tho fuel injection nccdlo valvo must be 
regularly donned nt intervals of about a 
fortnight; a sticky needle valvo may causo 
pre-ignition through leakage of fuel oil during 
the compression strolco; such a defective 
valve, moreover, allows tho very high pressure 
blast air to enter the cylinder in abnormal 


quantities, and this also may cihino rupture 
of the cylinder through excessive pressure 
caused by its subsequent further compression 
by the rising piston. Provision is sometimes 
made against excessive pressure by fitting 
relief valves in tho cylinder head. 

tl’lio high -compression and air-blast pressures 
employed necrseilalo workmen ship of tho highest 
quality in the constiiicliim of the Diesel engine, and 
tho necessity of providing against occasional abnor¬ 
mal pressmen in tho cylinder renders litis typo of 
engine somewhat heavy in relation 1« power mil pul. 
ti'lie high compression also necessitates the fitting of 
very heavy fly-wheels in few-oy linden <1 fintr-slinke 
engines in order to attain the requisite uniformity in 
rotation of the crank-shaft. For In ml Diesel engines 
up to 200 11 . 11 .]*. tho weights per H.ll.l*. (including 
fly-wheels) are, roundly, as follows (compare Table I.>: 

For Ritigle-oylindcred engines . W>(» lbs. 

For Ivo-oylimlored engines . fi-’O „ 

For thri’c-oylindered engines , 3150 

For three • cyliiulcrcil engines] 

(without lly-wheels) J ” 

(iii.) Fuels .—Experiments have been con¬ 
ducted with a great vuiiety of fuolH, including 
petrol, kerosene (lamp oil), gns oil, crude 
Russian, American, and (Ionium mineral oils, 
Aslatki, shale oils, eunl-tur oils, lignite oils, 
palm and nut oils, castor oil, iisli oil, nleoholi, 
coal gas, producer gas, and coal dust. The 
greatest mieeoRH lias been attained with tho 
kurt monos and heavier petroleum oils, and it. is 
on tliCHO, and piutioiilnrly on t ho heavy 
dark-brown crude Texan fuel oil of up. gr. 
itImut -i)2fl, Hush point about Hfi" (\, and 
(lower) caiorillo value about-. 10,1(10 G.Th.lJ. 
per lb.—as largely used for bring steam 
boilers—that most Diesel engines in Great 
Britain are run. .Dr. Allnor, in a paper reml 
boforo tho German Gas Association in 11)11, 
staled that tho tar produced in largo ijtintililies 
in tho coal-gas and coko oven induutriea call bo 
(mod fliicccssfully as a fuel for Diesel engines, 
provided a small quantity of a readily igmlnble 
“pilot” fuel, as Texas oil, bo injected either 
just before, or simultaneously with, (lie 
admission of the tar to the combustion 
ohamhor; the combustion of Uio pilot fuel 
starts that of tho heavier fool. Using gas 
oil as the pilot fuel, Dr. Allnor affirms tlmi 
orudo tur may bo used in .Diesel engines, 
.Til general, however, it is held to bo a 
desideratum that tho fuel employed should 
ho freo from tar, sulphur, and acid impurities. 
Coal dust, injected with a proportion of “loan 
gns,” has boon used — under experimental 
conditions only—ns a fuel, and furnished 
indicator diagrams of normal type; but the 
dlffioultics of utilising any solid substance ns 
a fuel under ordinary conditions of working 
havo yot to bo overcome. 

(iv.) Performance .—The economy of fuel 
with tho four-stroke Diesel engine is very 
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marked ; a trial of a two-cvlindorod, 100 horse¬ 
power, four-stroke Diesel engine liy Air. Ado 
Clarke in 1903 furnished the following results: 

Piston diameter, 15-75 in.—stroke, 23 -ti in. 

Fuel—‘L’oxas oil, 0-022 sp. gr.; calorific value, 
10,720 O.Tti. U. per lb. (higher value). 

The outlet temperature of tho cooling water, at full 


opening of the exhaust ports ; (,h<* msitvonging 
is not quite so good, hut tho is of 

greater simplicity in eonstmofciiH 1 ■ *" 1,11 

Diesel engines the fuel in not milled until 
nearly the end of compression* »n,V sliorl- 
circuiting of air through thu ports 

during its admission is' immiLtorii 1 1 - I" DM I 


Taiii.h 

Tkst Husui/rs of Two-cyli mu-in, Fouk-htuokh, l(i() |f.p. |> JKgKfj i,] N()lv 


No. 

Item. 

0 . 

1. 

At Load. 

i- 

J’nil. 

1 

Duration of trial, mirnitos 

HO 

(it) 

01 


On 

2 

Average revolutions |>cr minute 

15!) 

158 

158 


154-5 

3 

Average menu oll'i-clive pressure, p, in Ibs./sq. in. 

•131) 

42-1 

50-3 


1 III) 

4 

Total I.M.i*. 

:i!Mi 

74-0 

loot) 

i^CPK 

20 1-4 

0 

11.1*. absorbed by air compression pump 

208 

2 07 

34) 

•i-jn 

3-;ii» 

(i 

Net Ul.P. 

30-02 

71 03 

974) 

lii'.i-tl 

201-1 

7 

Estimated B.H.P.* 

0 

35 ■ 3 

G0-4 

Itl-I-H 

8 

Meohnnical ollloienoy, i) per cent t 

0 

47'2 

«<M 

(iH-H 

MO-7 

0 

Oil pur (total) I.JI.P. hour, lbs. 

•384 

■342 

•21)0 

.;»•> i 

•328 

10 

Oil per J5.II.P. hour, lbs. 


•725 

•40(1 

4(17 

-IIM1 

li 

Hiso of lompornlure of cooling water in ° C. 

57 

5(t 

51 


52-5 

12 

Temperature of exhaust gases 0 (!. 

, , 

158 

197 


:m i 

13 

Total indicated absoluto thermal dlioicnoy 

•344 

•380 

■441 


"1(13 

14 

Absolute brake thermal onioionoy 


•183 1 

•200 


•3211 


* Tho li.U.P. wns taken ns total l.ll.P, — 
t Tlio mechanical ollleloncy wns taken as JUT.P./total I. 

II.P. 




load, was 07° C. In tho “ No loud ” trial only ono 
cylinder wua producing power, t-lio othor pumping idly/ 

In May 1000 Mr. A. J, I’foilfor stated before tho 
Inst, of lilootrical Engineers that there was then in 
sorvico a four-oyllndorcd, in voided-vertical, singlo- 
noting four-stroke Diesel ongino giving 800 It.H, P, 
nt 150 revs, por minute, and that this wns about 
tho largest that will run satisfactorily without water- 
or oil-cooling the pistons and exhaust valves. 

§ ( 1 ( 1 ) (t) TWO - S'l'UOKH DlliSKL EnOINKS. 
(i,) Description. —Marino Diesol engines arc 
usually of tho two-stroke typo, single-acting, 
which possess advantages over tho four-stroke 
of reduced weight and space, lower production 
cost, and greater simplicity in reversing. There 
are two principal types of twu-stroko, singlo- 
* 10 ting Diesol engines, in both of which tho 
piston overruns a ring of exhaust ports when 
near tho bottom of its st-roko— as in tho Clerk 
ongino. In the ono typo—which is rather tho 
more oflioiont—air inlet valves aro provided in 
tho oylindor lioad which are opened just after 
tho exhaust ports aro overrun, and effoet a. 
vory complete scavenging notion, leaving the 
oylindor filled with nearly pure air which in 
compressed by the piston during its roturn 
stroke as usual. In tho other type, which has 
been developed largely by Messrs Sulzer Bros., 
of Winterthur, tho air inlet valves are 
dispensed with, and inlot ports provided in 
tho lower parts of the oylindor which aro 
overrun by tho piston shortly after tho 


a four-oylindor, fcwo-stroko, invortncl-vorUenl, 
single-noting ongino of 2.(00 D.| ]. | \ < if ftilzrr 

typo was installed in an elec brio t>«nuM’iiUng 
station in ('’ranee. 

(ii.) Difficulties, —Ono of tho mciMt Horiouu 
troubles with Diesel engines niiHOM from (fm 
loss of compression pressure duo to 1,1 k* wear 
of piston and oylindor walls in the iih i in I .Insign, 
wherein the piston is directly coimech-il to 
the connecting rod. This wear in mainly 
caused by tho side thrust due to Urn < »ldi([titt'v 
of the rod, and lienee in largo rnginrn, uuil 
especially in marine sorvico, Flu* oxlrnuil 
orosshoad is favoured, as with thin tliA cylinder 
is rolioved of all side pressure. A Lienlimi i„ 
boing given to tlio produothm of hiv t Infinitely 
designs of do«6/c-aoting, twn-ntroTvo Diesel 
engines for marine sorvico ; the ohioF cliMuulty 
to he ovcreoiuc is that of providing n.fiequHte 
cooling arrangements. 

§ (17) Timo Huston “Coli> £5 •»■.,* utxnii ” 
Enoinb. (i.) Description.— -Messrs. .Itim ten, 

I’rootor & Co. have recently |.»ivicluc£>i| u 
valuable design of Diesol typo in ro.sjicni n f 
the high compression of tho air am I imiimmlio 
ignition of the fuel, but in which tho etmllv, 
oomplioated, and sometimes trouhlcfur>nm nir 
compressor used in tlio Diesol engine< fu 
nootion with tlio fuel injection in nfotolv 

eliminated. 

A seotion through tlio oylindor of Clio UJifi 
dosign of “cold starting” ongino i« ('ivon 
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in {‘'it/. ] 1 1 ; the engine. is of tho horizontal, 
singlo-oylindorcd, single-acting, four-stroke 
type, ntnl in built in sizes running from 20 to 
170 horse-power. 

On tho h notion stroke the piston draws in 
air only through tho valve A, subsequently 
compressing this into tho small explosion 


chamber B to a prossuro of about 4110 llw. 
per sq. in,, which is regarded as giving n 
suilieiently high tomporuluro to onsuro tho 
ignition of any fuel oil. .Inst before compros- 
sioik is cojnploted tho ohargo of oil is injected 
dirootly into the explosion chamber through 
an " atomiser,” < whoroupoji it immediately 
ignites, and tho working stroko then follows j 



a normal full-load indicator diagram is shown 
in Vig. 11a. 

Very porfoct “ atomisation ” of tho fuel 
is essential to high engine efllcienoy; tho 
Huston atomisor oomprisos a spring-closed 

1 From Livens on OU-engIncs, l’roc. I. Mech. 
July 1020, 


Til 


needle valve and a number of small oil duels 
converging to fi central orifice. A small 
fuel force-pump ojwmled by n quick-noting 
or “ steep ” cam compels tho charge of oil 
delivered liy it to lift the spring-closed needle 
valve,; the ohargo is by this menus caused to 
enter tho explosion eh am her in tho form of 
nn exceedingly line spray or 
“ mist” ; the lift of the needle 
vulvo is of the order of two- or 
three-hundredths of an inch . 
only. 

(ii.) Mclltad of Working.— 
By moans of air stored at a 
pressure of SOO-BOC) lbs. pur 
sq. hi. in a rraervoir the engine 
is readily started, and after 
one or two revolutions piehs 
up its working cycle; starting 
is thus effected from cold, and 
tho engine may he nm on any 
of tho usual grades of fact oil. 
When far oils am employed 
it is necessary to uso about 
fi por cent of a mam readily 
ignitabln or “pilot” fuel to 
iniliuto combustion; this is 
introduced by u special atom¬ 
iser lilted with a small needle 
valve inside a tabular, main 
fuel needle valve, served by a 
pilot oil pump. The spring- 
loaded plunger of this pilot pump is operaled 
by fluid presume from the main fuel pump 
in such maimer us to absolutely ensure 
the injection into tho cylinder of the pilot 
igniting ohargo immediately before that of 
tho main charge. Tost results show that, 
using a fuel of 0-5)2 Bp. gr. and cftlorUio value 
of about 10,000 C.Th.U. per il*, {lower value), 
tho consumption per B.U.l*. hour ranges 
from 0-18 lb. in tho 20 horse-power engine, 
down to 0-10 lb. in tho 170 horso-pawor 
sizo. This corresponds to nn absolute brake 
thermal cflioionoy of about 0-2!) to O-SO, which 
compares favourably with ordinary Diesel 
practice. 

§ (18) "SicMi-fiiicarci,” Hnhinkh. - The 
groat economy of fuel consumption of tho 
l)iosol ongino has caused many attempts to 
bo made to produce* designs in which, 
without much saorifieo of mean effective 
pressure and economy, production cost and 
weight nro saved without having recourse 
to the high-compression pressure used in 
tho Diesel ongino, and Eurt-lior, by dispens¬ 
ing altogether with tho costly and compli¬ 
cated high-pressure air blast which has so 
often proved a sourco of trouble) and oven 
danger. 

As such designs have bcon evolved from 
a study of tho performance of Diesel engines 
thoy have come to bo Htylcd “ numi-Diesel,” 
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though, hh (.In i_v employ u Iml.-Jailli fo ctinuro 
ignition of the aprayed charge of nil, limy 


«)••!/» lit. per 
llll llllHt (lull* 


MEC.HANICAl 
ATOMIZER 
.«■ h / 
WATER i 
SPRAYING I 
VALVEvll.f 4? 
BsSl'-fyiiY 



.ii 


11. 11.1*, oi :'im 
fool, I'lmln 
mol i'Ai'ij 
< <l A i Mill 
► nliou nil ,1 
.<il of only 
o pointing i,, 

iDifit'iii 1 v of 


■ r. 


Flu. I 


would lio timro jimtly dm<iil>cd un " Akrovd 
ongiiicn. 

(i.) The <>.<!. I'liif/ine, A good <<\iiiii|i|i< of 
thin cilasa in (Ini " on,.| m . ,,f 

ItuHt.m, IYncl.tr H. Co., of whirl) .. .((on 

tliiiHigli the com (mill ion clmmlnr ond of I ho 
cylinder in ulimvii in Ffii, |;{ • (he engine in 
of Mm lioii/.i in to I, ainglo-nol hip, foni- • 

I,VI ic. 

Through the mini, vtdvo A. air ahum in 
dmwn during Mm andion almlm. ami Ihin in 
hnxl; cniiijirenHcd inlo (lie coinl>iin(ion clmiidun' 
niid liot-hull) If, Nearly nl i|,o innlm.l. 
of Iiiaximmu coinprcnnion Min olmifjn of 
oil fuel in injected ini,, thin ImMnillt Uy u 
lorw-feed ]mm|i mid afomimT an in Dm 
of Mm “ mild ulnrUuK” engine dcncrilt.d in 
M 1 ")' '"■» mixture la aiihmiulicnllv ignited 
hy Mm hot-lmlb an In the Ilimwliv-Akinml 
online, ij (M), and itfler performing Mm 
Working Htmkc Mm lanut pawn arc diatdmigcd 
Mh-oujxU (1m ex Imimt valvn 10. Tim cnnipreii. 
moii prmuiro employed in only ahonr ^ 7 /i H,.,, 
per n<j, in., and liman elTeelive preaatircn an 

hfjdi an IMS Hw. per «.|. .u uthiiiicd at 

lu load, liman engine. are l.uiil in ninifl.- 
0 .V iKlcrcd typo up to HU IUI.J\ running at 
JUU rov " | 'dliuiH per minute, and in two. 


cylindeird draigiiH up 
revolutions per minule. 
pcl-iiilcnin. Mm ordinary Imd • 
residual or “ refiiKn ” ,ijJn im 

of a AO It.H.I*. engine j a , 1 1H 1 
eoimmnpliini of crude Unmanr» 

.1*.11.1*, hour.. 

lirahe dieriiinl *’ 

•Hll. 

Si ai l ing in ,.n « - 
preum'd air ; (Fn* ** 
in atarling (iniii 
to tlm iicccn-iril'.V 
Jim hol-lmdi 1 ,v **■ 
in 10 In In ini|i 11 f • 
churl, peril a j of i 
hlmv • lainji in I’l'i 
tlm lint* Indli f < * 11 
then mainliiiiH'i t 
lived from |,| M . jmei'ivi'ilvn n\, 
plnnjoiin ; || u , jj . i t i I ion In I In n 
mil omul ic. an in I lie Mni'miliy. 
Alcroyd engj t „., ’I'm picvnit 
pro-ii.pi idol i kiittrli 11 lioin 
nee 11 nil ip, ii, ivah'l tllip i-i 
lined at Illicit ~ >|iinnlcia full 
•ond and iiIidi-o ; 4 lie uni»r 

spraying valve i * indinit.d 
'•I Fin. 12 . Afl.-r pod..mod 

iiiiiniiip at I loa.lu llm 

Indli may Imr.,ri i»■> loo oim|, 
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•Equation op State, Definition and Use of. 
Soo “ TIiormodynmniCH,” §•} (50), (57); 
“ Tlicrmnl Expansion," §§ (21), Table, 
(22), (27). 

EQUI PARTITION OF ENERGY, LAW OF. See 
“ Thermodynamics," § (60). 

.linooMiji’iJH. An instrument lor measuring 
and recording accelerations and retardations. 
Sec “ Dj’namomotors,” § (5) (vi.). 
Euiosstm’H Reoenerative Engine. Sco 
“ Thermodynamics,” § (27). 

Escargot Fan Bn a ice, A brake convenient 
for testing air - flerowfl. Sco “ Dynamo- 
motors,” § (2) (viii.). 

Evacuation. Soo “ Air-pumps.” 

By Absorption. § (52). 

By Absorption in tho Elcotrio Diacliargo. 

§(r»3). 

By Clioinienl Action. § (51). 

By Condensation. § (50). 

Misoollanoous Methods. § (40). 
Evaouatous, Theory of. Sco “ Air-pumps,” 
§(!)• 

EVAPORATION UNDER CONSTANT PRESSURE. 

See “ Thermodynamics,” § (20). 

Expansion, Area and Volume, Coefficients 
of, deduced from the linear coolliciont. Seo 
“ Tliormal Expansion,” § (5). 

Expansion, Linear, Coefficient of: 

At very low temperatures, determined by 
experiment for various substances and 
tabulated x = (( // /rfT) /. 

See “ Thermal Expansion,” § (7), 

For various bu listanees, detorniined by ox- 
porimont and tabulated. Sco “ Tliormal 
Expansion,” § (7). 

Expansion, Linear, Mean Coefficient of: 
Botweon 0° and 1° C., dofined by tho equation 

i+M), 


where tlio distaneo between two points 
in the body at 0° C, is /„ and at V' O. is l lt 
and \ is tho mean coolliciont of linear 
oxpansion. See “Tliormal ’Expansion,” 

HD- 

Fizoau’a Tntorfcronco Method of measuring, 
depending upon tho colours of thin plates. 
Sco ibid. § (6). 

Expansion of Fluids: theoretical considera¬ 
tions accounting for the departure of tlioir 
behaviour from tho laws of perfect gases. 
Sco “Thermal Expansion,” § (lf>). 

Expansive Working in Steam Engines. 
Soo “Steam Engine, Reciprocating,” § (2) 
(ix.). 


ExteNSOMETER fi. Seo “Elastic Constants, 
Determination of.” 

Dial Instruments with Mcolmnlonl Magni- 
lioation. § (40). 

Double Micrometer Screw Instruments. 
§ (-45). 

Ewing’s Combined Jlicroscopo uml 1 .over 
Extciisomolor. § (51). 

Indicating Dial Instruments. § (48). 

Instriiinonts combining a Singlo Micrometer 
Screw with a Multiplying Lever. § (47). 

MartenB’B Mirror ExteiiHometor. § (63) (ii,). 

Methods of arranging and (lencrul J’rineiples 
to be fulfilled. § (43). 

Mctlmda of Calibration. § (68). 

Mieromoter Screw Extensonietmu. § (44). 

Microscopic! Reading Instruments. § (61)). 

Morrow’s Singlo Mirror Apparatus. § (63) 
(iv.). 

Multiplying Lover Instruments. § (62). 

Using Optical Mugnilieation. § (53). 

Extkunai. Pressure Ooukkotion to a 

Thermometer. Sco “ Tliorniomctry,” § (3) 

(iii.). 


F 


Faotoh of Safety: See “ Structures, 

Strength of,” § (1). 

Fahrenheit Scale of Temperature : a sealo 
on which the numbers 32 and 212 correspond 
respectively to the freezing- and boiling- 
points of water. See “ Tliormonictry,” § (2). 

Falling Weight Test— called “drop teat” 
in U.S.A. Seo “ Elaatio Constants, Doter- 
mination of," § (35). 

Fan Brakes. Sco “ Dynamomotors," § (2) 
(vii.). 

Fixed Points : 

Thormomotric, Sco “ Tliormodynaniics,” 
§ (4) ; “ Tompomturc, Realisation of Ab¬ 
solute Soalo of,” § (3); “ Thormomotry,” 
§ (3). 

Used as secondary standards of temperature 
‘and oompared with a gas-thermometer 


in tho range - 273° to 0° O. See “ Tom- 
poratnro, Realisation of Absolute Seale 

of,” § (31). 

Fixed Points, Interpolated : 

On secondary standards of temperature 
between 100° and 60l)° 0. Roe “ Tem¬ 
perature, Realisation of Absolute Scale 
of,” § (30) (iv.). 

Used as a secondary standard of tompmuturo 
and compared with a gus-thermometer in 
tho range abovo 500° C. Seo ibid. § (42) 
(iii.). 

In range 100° to 600°, compare*! with gus- 
thormoinotcr determinations and tubu¬ 
lated. Sco ibid. § (3(5), Table 10. 

In range 500° to 1600°, compared with gus- 
thormomotor dotenninations ami tubu¬ 
lated. Seo ibid. § (42), Tublo 13. 
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Fixed Tempkuatijhics : 

Used ti9 11 secondary standard of tem¬ 
perature and compared with gus-thormo- 
moteis. See “ Temperature, Realisation 
of Absolute Scale of,” § (24). 

Used as secondary standards and com pared 
with a gas-thermometer in the range 100° 
to (100°. 

1. Melting-point of zinc. 

2. Boiling - points of naphthalene, 

diphenyl, and bonzophonono. 

3. Boiling-point of sulphur. 

See “ Temperature, Realisation of Absolute 
Scale of,” § (35). 

Combination of, with a thermal property, 
used for tho realisation of gas-thermo¬ 
meter senlos in tho form of secondary 
standards. See ibid. § (2G). 

Frasit-roiNi’ Ai*i*auatus. Sco “Flash-point 
Determination.” 

The Abel. § (2). 

Tho Ahol-Pcnsky. § (3). 

Tho Gray. § (o). 

Tho l’onsky-Martona. § (fi). 

FLASH-POINT DETERMINATION 

§ (1) IjJTitonucTioN.—Tho “flash-point” of a 
substanco may ho dofmed as that temperature 
at which it bogins to ovolvo vapour in such 
quantity that, on tho application of a flame, 
a momentary “ flash ” occurs, duo to the 
ignition of tho vapour. This tomperaturo is 
not a dofinito physical property of tho material, 
but varies with a number of subsidiary factors, 
such as tho rate of heating, tho amount of 
ventilation, tho sizo of tho applied flame, and 
so forth, and is thus dependent on the appar¬ 
atus used and tho conditions under which tho 
detenuiuation is made. 

Notwithstanding tho empirical nature of 
this “ constant ” for an inflammable substance, 
it serves to classify such materials into varying 
degrees of danger with regard to tiro risk, and 
from this point of view tho determination of 
flash-point has been tho subject of legislation 
and of official regulations. 

A short consideration of the phenomena 
occurring when a sample of oil is slowly heated 
will serve to distinguish flash-point, burning- 
point, and ignition-point. If tho oil is placed 
in a small metal basin or cruciblo and slowly 
heated, vapour is ovolvod at a rate depending 
upon tho naturo of tho oil and its teinpomturo. 

If a smalL test flame ho applied periodically 
just above the surface of the oil, no result will 
bo apparent so long as tho tomperaturo is well 
below tho value known as tho “ flash-point ” 
of tho oil, but ns this is approached tho test 
ilamo will onlargo when in tho neighbourhood 
of the surfaco of tho oil, and at a toinporatuvo 
a few degrees higher this onlargomonb beoomes 
more apparent and a flame rapidly travels over 


tho surfaco of the oil an<| ini i»»mlial<dy dieii 
away. This transient ignition |, * in vapour 
is termed tho “ flash,” and th<> hunpera- 

tnro at which it is manifest ns the 

“flash-point” of the oil. j f tlio heating of 
the oil and the periodic ajq>| jtuvLiiof tho lest 
Hamo ho continued flashing %v il I nbio eon thine, 
and it will be noticed that A,ho < * u ration of the 
(lush becomes longer ns tho L-ciimpomtino is 
raised, until a point is reached w r 1 tho vapour 
burns continuously instead «>f mornly (lashing j 
tho lowest temperature at v/hioli this oiukiih 
is known as tho “ burning.]” «»f the oil. 
In general tho heat generated. 1>y the com¬ 
bustion will rapidly raiso tho tom jmmturo amt 
the combustion will become nioi’u violent, mid 
will ho maintained without (.he* ‘plication of 
any external source of heating. 

If umv the experiment in r«*| ' Il *h'd willimit 
tho application of a test flat no, l-hero wifi ho 
no apparent result until a toini«*i*'itiiro higher 
than the hiirning-point is roaelim l, when tho 
oil will spontnncously tako fjro hiiiI wilt con- 
tmuo to burn. Tho lowest Lornpenituro at 
which this takes plaeo is known iih fclm “ ignition- 
point.” 

'L’ho abovo phenomena aro dopniiilont on the 
accumulation of sufficient vupou r in the atmo¬ 
sphere abovo tho oil to form it, oombustiblo 
mixture, and this will ho large!v iiilliieiieed by 
any circulation which is taking? (ilium in tho 
surrounding air. If tho air jh in motion, oven 
to a small extent, some of tho vn.f lour will lio 
carried away, and it will bo nectifHHiuy to raiso 
tlio oil to a highor tomperaturo Lf» neeum tJio 
sumo concentration of vapour rtn would ho 
obtained in perfectly still air. In inmuequoneo 
it is not easy to obtain concordan fe v nines for Hie 
flash-point, burning-point, and ipjinitinn-pnint 
by the heating of tho oil in tun open cup ns 
above dcserihod, and other typo* «,f nppamhiH 
have boon designed to reduen tho dillicmlty of 
making reasonably aocurato do to rm illations. 

In most forms of this uppnmbitH the nil cup 
is provided with a cover lm,ving MiiilaPiln 
apertures for tho introduction * »f Mm test 
flame and for ventilation purpciHOM.. For din- 
tinotion tho two types of Lout tun usually 
referred to ns tho “ npon IohI> ” mul M,',, 
closed test respectively, 

Tho first apparatus of tho " trie mod tent" 
typo was introduced by Sir Frodoriolc Abel in 
1870, and was subsequently known a (S f| )0 
Abel Flash-point Apparatus. A | iWW , number 
of tests wero made to connooO Idio results 
obtained by tho use of this uppiti-itUis with 
those given by tho open tost thou In use, R 
was found that tho moan value of tli o diflorenco 
between those results was 27° I«\ f m . ftU a jj 
which flashed at 100° F. on tho op on test,. 

Later, in 1880, a modification j„. 

strum out was niado by Pcnsky, who applied 
a olookwork devico to tho oil on p cover to 
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perform tho opening iuul closing of the shuttor 
mid introduction of the test flame. This 
apparatus is referred to ns tlio Abet-Ponsky 
Flash-point Apparatus. Tlio provision of this 
mechanism is probably advantageous from the 
point of view of ease of operation, but, as will 
he seen later, it does not tend to any increased 
neeurnoy of determination of the flash-point. 

The two apparatus abovo referred to woro 
designed with special roforonco to the measure¬ 
ment of flash-points over tlio approximate 
rimgo G0°-1L0° 1\ in connection with tlio 
legislation relating to the solo, storage, anil 
transport of illuminating oils ; later, however, 
a domain! aroso for the determination of the 
Hash-point of oils for lubricating and other 
purposes, loading to the evolution of such types 
of apparatus as the Gray and Pcnsky-Martens 
flash-point apparatus, which may bo employed 
up to much higher temperatures. The 
essential difference between these and tho 
earlier forms of apparatus intended for the 
lowor range oidy is tho provision of stirrers in 
tho oil cups. 

§ (2) Auhl Flash-point Apparatus.—T he 

official specification for the Abel flash-point 
apparatus will be found in tho schedule to tho 
Petroleum Act of 1879 (42 & 43 Viet. o. 47); 
full details as to the construction and use of 
the apparatus are also to he found in tho 
several text-books relating to oil and oil 
testing. 1 Tho prinoipal dimensions are shown 
in Fig. 1. 

An investigation was carried nut at tho 
National Physical Laboratory to ascertain tho 



differences existing between tlio Abel and other 
types of flash-point apparatus. 2 

An important consideration that arises in 
the determination of the flash-point is the 
limit of accuracy attainable. Tho legal 
specification directs that tho test flame should 
bo applied to the oil every 1° J?\, and conse¬ 
quently tlio accuracy of any single determina¬ 
tion is limited to 1° F. Departure from tlio 
specified conditions gives a different value for 
tho resulting flash-point, as will be seen later. 


1 Petroleum and. it s Product*, Sir Bov orton Redwood, 
1000, il. 550 ; Handbook oj Petroleum, J. H. Thomson 
anil Sir D. Redwood, 1005, vi. 82. 

2 Collected Researches, tf.P.L,, 1912, vllt. 10. 
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Difficulty, however, arises in the interpretation 
of a sot of results for nnv one sample of oil, 
since even when tho greatest care is taken 
individual readings may differ by 1° or 2" If. 
Furthermore, changes in the barometric! press¬ 
ure produce variations in tho resulting Hash- 
point, and Sir Frederick Abel investigated this 
matter and found that tho flash-point was 
raised by 1-C° F. for an increase of 1 inch in 
tlio barometric reading. Hence it is usual to 
correct all flash-points to a standard baro¬ 
metric reading of 30 in. Corrections for errors 
of tho thermometer, if any, must also be taken 
into account; tho most satisfactory way, 
therefore, of dealing with a sot of observations 
is to obtain the mean result and apply tho 
necessary corrections for pressure and for tho 
thermometer. Tho true flash-point is then 
taken ns tho next higher whole number of 
dogrees, flinco the flash-point of a substance 
as defined in tho official regulations cannot 
bo other than a whole number of degrees. 

Before intercomparisons between tlio several 
types of flash-point apparatus could bo carried 
out it was found necessary to investigate the 
conditions of uso of the Abel apparatus more 
fully than appeared to have been dono previ¬ 
ously. Among tho points to which attention 
was given woro: 

(a) Frequency of application of tlio tost 
flame. 

(b) Variations in tho time of opening of tlio 
slide. 

(c) Variations in the tomporaturo of tho 
water bath. 

(d) Variations in tho depth of the thermo¬ 
meter bulb below tho surface of the oil. 

(c) Size of tho test flame. 

Tlio results of these experiments led to tlio 
following conclusions: 

(a) Increasing tho frequency of application 
of tho test flanio raises tho flash-point; for 
example, if tlio test flame is applied every 
£ degree tho resulting flash-points aro a degree 
liighor, while if applied every J degree tho 
flash-point is raised by over 3 degrees ; con¬ 
versely, a lowor flash-point is obtained if tho 
tost flame is applied at intervals greater 
than 1° F. 

(b) Contrary to tho general opinion, tho 
effect of increasing or decreasing tho tiino for 
which tho slide is open docs not affect tho 
results except for oxtremo changes. Thus the 
provision of an automatio mechanism to secure 
constancy in this condition is nob essential. 
It is interesting to no to in this connection that 
a numbor of the Abcl-Pcnsky automatio covers 
woro investigated and it was found that their 
times of opening differed to a considerable 
extent. This might well he oxpccted, as it is 
improbable that tho strength of tlio spring 
would remain constant under tho conditions 
of uso. 
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(c) A change in the temperature of tlio 
water hath produces a corresponding change 
in tin; flash-point, the general effect being that 
the flash-point is lowered by 1° F. for eaeli 
13° F. rise in the temperaturo of tho water 
hatli above the normal temperature 130° F. 

((/) and (e). The depth of immersion of tho 
thermometer bulb licJow the surfaco of tho 
oil and the size of tho test flamo woro seen 
to play very important parts in flash-point 
determinations, and tho question will ho 
considered later. 

S (3) Tiik Ajjel-Pensky Apparatus. —Tho 
apparatus adopted in 1880 by the Gorman 
Government as tho official standard design of 
instrument for flash-point determinations was 
based upon tho Abel apparatus, but modifica¬ 
tions were introduced by Pensky, who sub¬ 
stituted an automatic devico for opening and 
closing the ventilation holes and applying tho 
test flame in plnco of tho simple slide in tho 
English Abel apparatus. In addition, tho 
dimensions were slightly altered and wore 
expressed in inetrio units instead of inches, us 
in the Petroleum Act of 1879. Fig. 2 indicates 



the important dimensions of the Ahol-Pcnslcy 
apparatus in accordance with tho German 
schedule. Very complete details are published 
in the official specification 1 and will not ho 
further dealt with here. 

Tho Abel- Pensky apparatus was also 
adopted by the British Colonies ami India 
under the Indian Petroleum Act of 1889, 
the German typo of apparatus boing used* 
although the dimensions of tho Abel apparatus 
were retained. Two modifications have been 
made to tho Colonial type of apparatus for 
special purposes; these provido for a small 
additional thermometer and a stirrer in tho 
oil cup for use when obtaining tho flash-point 
of mllamniablo substances such as rubber 
solution, metal polishes, ote., which may 
fall within tho scope of petroleum legisla- 
tion. In both these types of apparatus tho 
oilcots of variations in tho mothods of pro- 

1 Die. Vorschriftm belreffend ilen AbeVttclien Pclro. 

1HIblLlj,lei1 1883 ^ 


ceduro are tho same ns are described for the 
Abel apparatus, 

§ (-i) Tiik Gkkhkat, Theory op Fkasu 
khnt Diotkrmination. —The general theory 
of flash-point determination depends on the 
hypothesis that flashing takes place when the 
space above tho oil contains a definite nor- 
eentage of oil vapour mixed with air. This 
condition will bo reached for a definite torn 
poraturc of tho oil surface from which ovapora- 

;;;;; ^ •’I' 100 ’ aml ib iH «Mi.m«i 

that it is tins temperature which is given by 
the thermometer and is the temperature taken 
ns the flash-point. The rate of evaporation 
however, depends upon the temperature „f 
tho surface of tho oil, and investigation showed 
that tins temperature differed appreciably 
from the thermometer reading throughout the 
course of a determination. Furthermore, tho 
temperature at different points throughout 
the oil varied by several degrees at any 
one moment. Tho temperaturo distribution 
depended m part on the form and dimensions 
«>f the apparatus and on the relative amounts 
of boat reach mg the oil from different sources 
I ho method of investigation omployed was 
to ascertain these temperature differences by 
means of difiurontial thermocouples of very lino 
wire introduced in such a way ns to avoid 
interference with tl.A usual conditions of tost 
Iho main source of heat through which tho 
mu of temperature of the oil is derived is of 
oouiso tho water hath surrounding the oil cups 
through the intermediary of the air space; but 
it was found that tho temperaturo at the sur- 
face of tho oil and that of the vapour were 
materially influenced by the heating derived 
from tho test (lame itself, The importance of 
the mo of the test flamo is theroforo obvious, 
and us tho result of a special series of experi¬ 
ments it was found tiiat an increase of 2° F. 
in the flush-point was obtained when the size 
ttie oil-burning test flamo in an Abel 
apparatus was decreased to about half the 
normal diameter. Similar results were found 
lor the gas test flames alsii in general use. Tho 
explanation of this difference is that with the 
smaller tost flamo the oil surface does not 
receive so much heat indirectly, and conse¬ 
quently tho temperature of the bulk of tho 
on has to be raised to produce tho same sur- 
faco tonipomturo; thus the flush-point is 
apparently higher. For exact work it may 
bo remarked that the ivory bead on tho cover 
of tho apparatus is inadequate as a gauge for 
this adjustment of the sizo of the test flame. 

It is therefore preferable to employ a gas jot 
to which the supply of gas is controlled by a 
gas motor. In tho experimental work to which 
roforenoo is being made tho gas rate adopted 
was 0-10 oub. ft. per hour. 

Investigation of the three types of apparatus, 
namely, tho Abol, and the Colonial and tho 
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Dorman types of A hoi - Pensky apparatus, 
showed that the temperature! distribution in 
each varied, so that for any definite reading 
of the thermometer the tomporaturo of the 
surface of the oil was different in each of tho 
three apparatus, ft was further found that 
tho temperature of tho aurfaco of the oil at 
tho moment when flashing took place was tho 
same in each of tho threo apparatus although 
tho tliermoiuctor readings differed; the dif¬ 
ference in flash-point recorded in tho threo 
types of apparatus is therefore completely 
explained by tho consideration of tho tem¬ 
perature distribution in tho oil cups. 

■'•he general results of tho investigation 
allowed that the Colonial typo of Abel-Pensky 
apparatus gave a flash-point 1° I', higher than 
tho original form of Abel apparatus, while 
tho German type of Abel-Pcnsky gave results 
approximately 4° F. higher; further, theso 
differences are sensibly constant over tho 
range 70°-100° F. Incidentally there is a 
systematic difference amounting to about 
0m° F. (taking tho moan values for a largo 
Borios of observations) between apparatus of 
the same type but fitted with oil and gas test 
flames respectively. As might ho expeoted 
from tho previous remarks, the gas test flame 
gives tho lower flash-point, tho flamo supplying 
more heat to tho surface of tho oil, when 
adjusted to tho specified size. 

Furthor light is thrown upon tho mechanism 
of flush-point determination by tho results of 
a series of tests earned out at tho National 
Physical Laboratory at a Inter date. 1 Tho 
tests in question woro carried out on u number 
of fuel oils, using the Gray and Pcnsky- 
Martons apparatus, and also a modified form 
of apparatus on a inuoh larger scalo, which 
dealt with about f50 gallons of oil instead of 
tho usual quantity. Tho latter apparatus was 
designed with a viow to ascertaining whothor 
a largo quantity of oil would flash at a tom¬ 
poraturo appreciably lower than tho valuo 
obtained in the usual types of apparatus. Tho 
conditions woro varied over a wido rnngo in 
ardor to study tho effect of different methods 
of ignition and tho importance of ventilation 
of the vapour spaco above tho oil. Dealing 
with the latter point, it was clearly soon that 
combustion of tho vapour oocurred prior to 
an actual flash being obtained; this is shown 
by tho enlargement of tho applied test flame 
at temperatures below tho flash-point. If tho 
spaco above tho oil is not adequately ventilated 
it beoomea charged with tho products of com¬ 
bustion, which may lead to tho extinction of 
tho test flame or give an apparent!}' high 
result. On tho other hand, forced ventilation 
of tho Biirfaco by the passage of a current of 
air apparently raised tho flash-point, as in this 

1 " Tests of Fuel Oils,” Collected Researches, N.P.L., 
11)10, xlll. 205. 


ease tho oil vapour is swept aw.ay before 
ignition can occur. Consequently the oil has 
to be raised to a higher temperature in order 
to evolve vapour fast enough to maintain an 
inflamnmblo mixture. 

A variation of this question was also 
investigated. In this instanco tho oil was 
maintained at a constant temperature and 
tho vapour was allowed to collect for periods 
of varying length, the test flame being applied 
after definite intervals had e lapsed. lie tween 
such applications of the test flame tho space 
above the oil was completely cleared of 
accumulated vapour by blowing a current of 
air through the space. The result of such 
tests was to show that the higher tho tem- 
peraturo of the oil the shorter the interval 
that was necessary for the vapour to accumu¬ 
late before tho flash could be produced. At 
tho lowest temperature at which it was possible 
to obtain any ignition of tho oil vapour n 
comparatively long period (from fi to 10 mill.) 
was required before sufficient vapour lmd 
accumulated, and in these instances tho flash, 
when it did occur, was generally of n violent 
nature. With regard to the effect of different 
methods of ignition, it was found that tho 
most satisfactory results were obtained with 
a moderate-sized gas (lame. Electric sparks 
or hot wires generally necessitated a higher 
tompcratiiro of tho oil before (lushing took 
placo, and with the high temperatures a violent, 
in some eases almost explosive, flash whs 
obtained. Throughout tlicRO tests the oil was 
stirred continuously at such a rate that the 
tomperaturo throughout the hulk of tho oil 
was fairly uniform, hut not so vigorously ns 
to broalc tho surfaco or to produce splashing. 
Unitor these conditions it was found that tiro 
tomporaturo in tho vapour spueo immediately 
abovo the oil surface wns sensibly tho same ns 
Mint indicated by tiro thermometer inimorscd 
in tho oil; in other words, tho question of 
tomporaturo distribution mob with in tho Abel 
and allied apparatus does not ariso here. 

Tlio ultimate deduction from theso tests was 
that the Gray and Pcnsky-Martciis apparatus 
indicate within a fow degrees tlio lowest 
temperature nt which it is possible for a flash 
to bo obtained over this very wido range of 
conditions; and furthermore the Abel and 
Aboi-Ponsky types of apparatus omild with 
advantage ho mollified by the introduction of 
a stirrer in tho oil vessel and possibly in tho 
vapour space abovo tho oil. A small change 
in the indications of theso apparatus would 
no doubt result, hut tho determination of 
flash-point would become an operation involv¬ 
ing considerably less care and would not 
depend to any mark oil exto.nt upon tlio exact 
form and dimensions of tho apparatus 
employed, In any ease tho flash-point of a 
substance must bo regarded as an empirical 
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constant, hut the modification suggested would 
render the determination less dependent cm 
any particular design of apparatus. 

§ (o) High Tkmveratuhh Pi.ash - point 
Deter. minations. —The limiting temperature 
at which a flash-point determination cun ho 
made in the Abel types of apparatus is about 
110° P. if the normal procedure he followed. 
For higher temperatures than this a modifica¬ 
tion of the normal procedure may ho made in 
that the water hath itself, instead of being set 
initially to 130° F., is heated continuously 
throughout the test until a limiting tempera¬ 
ture of about 180° F. is attained. In addition 
n small quantity of water is placed in the air- 
jacket to facilitate the rise of temperature of 
the oil in tiro oil eup. This method is liable 
to givo discordant results if the rate of heat¬ 
ing bo too rapid, again owing to the unequal 
distribution of temperature in tiro oil eup. 
Two modified apparatus wore introduced to 
overcome this difficulty and at the samo timo 
to extend the range of temperatures over 
which a test may be made. These apparatus 
nro referred to as the Poiisky-Maitons 1 and 
the Gray a flash-point apparatus respectively. 

In both these apparatus the water hath is 
dispensed with and the oil eup iB supported in 
a oavity in an iron casting heated from below. 
The Pcnsky-Martcna apparatus has an oil eup 
similar to that of the Abel-Pensky apparatus, 
whilo that of tho Gray apparatus is of the 
same dimensions as tho oil cup of tho Abol 
apparatus. Tho covers in each apparatus 
diftov somewhat in detail, but both aro provided 
with a rotating plate by means of whioh tho 
ventilation holes are opened and the tost flame 
depressed into tho vapour spuco. Each in¬ 
strument. bus a rotary stirrer provided with 
vanes which agitate both oil and vapour. In 
carrying out an observation the stirrers aro 
worked continuously between the intervals at 
which tho test flames aro applied. Tho 
provision of thoso stirrers ensures that tho 
thermometers indicate the true temperature of 
tho vapour, and in practice it is found that both 
types of apparatus givo sensibly tho samo 
flash-point. In carrying out a determination 
care should he taken that the rate of heating 
of the oil is slow and regular. The thermo- 
motors employed should he calibrated for tho 
degree of immersion obtaining in tho apparatus, 
othorwiso it is necessary to apply a correction 
to allow for the omorgont column. This 
correction is by no means negligible, ns under 
tho conditions of immersion in a flash-point 
apparatus Llio correction will amount to as 
much us 15° 0. at 300° 0. a 

In carrying out tho determination of flash- 

1 A. Martens," OliorUle KlrtiimiininktltcHtlmiumujen 
von HclimUiriilen,” iMittli, k, lechn. t'crsnclimixl,, l SOU, 
xl. 37-15. 

3 (troy, (Hiem, Iiul. Sue. J., UHfll, x. 3-18. 

1 Soo " Thor isometry," § (l)).\ 


poiut of an oil the presence of iin>i H(l,r " gives 
rise to considerable uncertainty . jli>G even n 
small quantity may prevent the' 1 Hushing 
until the water has been drivoi* «dh I he 
temperature at which this ocelli*** l’ 1 ' well 

above tho normal flash-point of l li<* 1 
resulting flash may bo very violent'* 'I’lie drying 
of oil prior to testing the (lash-pi >• " * r ‘ f+ 11 '"'d lor 
of considerable difficulty, us lieiiti 11 ' 1 - * lie oil to 
100° 0. may change it. and I, iu 1 r< ’ 1 >,V vilialo 
subsequent tests. Various met.In ►* I f * Lave been 
suggested, such as drying with imhydnnm 
calcium uhloridc or by exposing t.fu' innitittire- 
containing oil to a higli-toiiHi.** ■* 1 ii.no barge ; 

neither of these methods is tMil-ii‘*’I.V satis- 
factory in removing every tram' 1 nmist lire, 

but undoubtedly lieljm in prepitri J **••> hu oil fur 
a flash-point determination, 

Jj ((1) Ignition Points. —AI(.Ih>iim 1‘ not of 
importance in conneetion with h»/.'«! iispeol, 

of flasli-point determination, tlm ifguitioo points 
of oils are frequently requins 1 in i*'mimclinn 
with internal comhustion engiuo pn * I drum. A 
number of methods have been «lo vised from 
timo to time to carry out thin c l*<< *'rininutioii 
without clangor to the operator. r l'h<< siinplimb 
form consists in allowing droj»H of ■ »il to fall 
iqion a heated iron plate. 'I’ll if* nnd liod bus 
been modified by II. Moore,' 1 lit thin nppamtus 
tho iron plate is replaced by a jg r i *■»veil block 
of steel which may he heated from lielow ; In 
the upper part of the block a eavi l .v in provided 
into which a platinum or niolcrl mriniblo Ills 
exactly. The cruel bio is eoverec 1 l».v nieuiisofa 
perforated plate, one hole of whin I* |»<>rmils the 
introduction of the suhstaneo (.«» Lo le:itrd 
whilo the other serves as an in Ini. for uir or 
oxygen. The gas employed iH hc*aleil lieforo 
admission to the erueihle by licitijg rtllowed |o 
circulate through passages in the »tl ret block. 
In operation the apparatus in ruined In a 
definite temperature and one clr«*|» of the oil 
under examination is allowed l.i» full into Hu* 
erueihle. Jf tho temperature in rtlinvu the 
ignition point of the sample, com In ml ion, more 
or less violent, takes place, whilo Inflow the 
ignition tompemture no oxplonh.n nr flame in 
observed. Tests are repeated n it l-i I Mm lowest 
point at whioh ignition takes plnen in deter¬ 
mined. >v. p, n. 


Fi.ABII-I'OINT DKTKIIM1 NATION A 'I' I! 1UH TlIM- 

pbraturkh. See “Flash-point. I Jeternnim- 

tion,” § (fi). 

Fr,Kxmr,K Container Pumvh, »Sru< “ Air- 
pumps,” § (20). 

Float Gauoks. Soo “ Metero, I A* j uid Level 
Indioators,” § (14), Vol. III. 

Fi.ow in Fives, MBAHimuMiiM'r ok. See 
“ Hydraulics,” § (24). 

* Petroleum Technologist Tnsl .I i>'j< j. vl, ISO. 
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-l-'jvuj ns ; 

^Motion of, Application of Dynamical 
Similarity to. Sno “ Dynamical Simi¬ 
larity, The Principles of,” § (10). 
Thermodynamic, IVopertios of. See 
“ Thermodynamics, Entropy of,” § (33); 
“ Specification of State of,” § (35); 
“ Isothermal Expansion of,” § (3B) '• 
“ Adiabatic Expansion of,” § (38). 

Under High Pressures, Experimental Re¬ 
searches on. Sco “ Thermal Expansion,” 
^ § (18). 

*' 'OiiaiNCi Pitioss, Hydraulic. See “ Hydrau- 
lic.s,” § (57) (i.). 

IPotitnojoh . 0io ak von Hydraulic I’owkr 
Thaksmisskin. Sen “ Hydraulics,” § (05). 
-I.Pouni)ations in Soi'T Earth. Theory of tho 
supporting power of earth foundations. Sco 
“Friction," §.(33). 


FOURIER’S THEOREM 

■I’llis relates to tho expansion of an arbitrary 
function J(x) in terms of circular functions 
*>f a particular typo, Consider, in tho first 
instance, tho case whore f{x ) is itself periodic, 
i-<i. its value recurs exactly whenever tho 
Vin-iublo lias a given constant ineremont «, 
that g, ' . f, , /i\ 

for all values of .t, Tho simplest oxamplo 
of this relation is afforded by tho circular 
£vi notions cos (2.S7rn:/a) and sin ('Zsnx/a), whero n 
if* any integer. Tho theorem is that whatever 
hi 10 form of f(x), subjeot to certain restrielions, 
iii can be approximated to as closely ns we 
iiiivy tlcsiro by a series of tonus of tho abovo 
fc.A r po, thus 

. . . 2rx , . 4.ira! 

f(x) =A 0 -i-A, cos- 1 - A 2 cos .f- . . . 


. 27r.i? ,, . 47ra’ . 

-f-U, sin ~~-+R, sin --+ • .-.(2) 


Assuming for the present the truth of tho 
fclioorom, the values of tho coefficients arc 
found ns follows. To find A 0> which is 
<>V'idcntly the mean value of tho function, wo 
in tegrate both sides of (2) from a —0 to a-=a. 
T1 1 is gives „ 

A o=~J SW*- ... (3) 

t vo 

To find A s wo multiply both sides of (2) by 
(sos (2fSnxja) and then intograto. Tho cooffioiont 
of A, in the result is 


r 

.' n 


2nrx 2 sirx . 

cos-cos- ax 

a a 



2H-sra 

—--1. COS 

a 


a ) 


■J^jccopt in tho onso of r=a each oosino goes 
fc] i.rough a com])loto cyclo of its values at least 
oiitio within tho range of integration, and tho 


integral vanishes. When r-s the result is 
£ic. Hence 

A,=?/“/(*) «»”**• • • ('>) 

W.'Q It 

J5y a similar process 

n f(x)mi^dx. . , (5) 

“•'n 

For an acemmt uf various practical mctlmds 
of computing tllo cuefliciouts, and of tho 
mechanical integrators which have been 
dovised to supersede tho numerical work, 
seo “ Harmonic Analysers,” Vol. IV. 

Thoro is nothing H]iecinl to the two points 
x - 0, a;=a, wliioh lmvo been taken ns the 
limits of tho above integrations. Any two 
points at an interval of a period will give tho 
same result. In particular, writing l for tho 
half-period, wo have 

. . vx . 2irX , 

/(•!') = A 0 -t-A, cos -y-f-Aa cos ~j—I- . . . 


whoro 

1 f* 


,, , 7 tx . 2rx .... 

-1-11, Hill j I lls fllll -J + . . {(>) 


A 0 =~f Mdx, A n*)***2dx, (7) 

and I * g ~ij l H ' n • ■ ( 8 ) 

This loads to two particular esses of special 
importance. If f(x) he nil even function of a, 
so that f(-x.)r,f(x), . . . (IP 


/(*)«4W*> ■!■/(-*» 

— Aq -|- A, cos -p -f- Aj cos -p '!■ . . ., (10) 

with 

A 0 » \j l f(x)ilx, A, o | fj(x) sin -p (11) 


Again, if f(x) 1)0 an odd funotion, so that 

S(~x)=-f(x), . . (12) 

wo liavo 

f(x)~\{f(x)-f(-x)\ 

=13,wily +R*fliiip^-f- • - (13) 


whore j~ f(x) sin a pte. . . (U) 

In many applications, especially when the 
variable as is a space co-ordinate, wo are con¬ 
cerned only with a limited range of as, say from 
0 to l. As instances wo have the vibrations 
of a string, and tho flow of boat through a 
plate. Outsido the above limits tho funotion 
J(x) may not exist, so far as the physical 
problem is concerned, but wo are at liberty 
to imngino it continued analytically both 
ways ns a periodic function. Wo aro further 
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at liberty to supposo it continued ns an odd 
or as an even function of x, as is illustrated 
by the annexed figures. It is to be noticed, 
howover, that in the second ease the process 
of continuation introduces discontinuities at 


8=0, 8=/, unless /(a;) 

anishes at those points. 

n 

i 

i 

i 

-21 -l\ 0 

l\ 2l\ 

UK 

. 1. 

‘ 1 

■ i 

i i 

i i 

-21 -l 0 

l 21 

Fid. 2. 


Similarly, in tlio original form (2) of the 
theorem, if the function is continued with a 
period a, discontinuities will be introduced at 
. 1 ! 2 = 0 , 8 = 0 , unless/(0)=/(a). 



A complete statement of tho conditions 
under wliioli tlio thoorcin (2) holds is not 
attempted here. For physioal purposes it 
may lie siillieient for tlui moment to say Unit 
the expansion is valid provided f(x) bo con¬ 
tinuous, and has (within the period) only a 
finite number of maxima and minima. Tlio 
mathematical proof, which is necessarily 
somewhat intricate, must bo omitted, but 
physical arguments of a very convincing hind 
are easily adduced. .Suppose, for example, 
that x is measured along tlio circumference 
of a uniform thin metal ring whose total 
perimeter is a ; and lot /(*) denote the initial 
distribution of temperature. If radiation 
from tlio surfaco bo neglected, the theory of 
conduction of heat indicates that the subso- 
ipiont process is made up by superposition of 
the various “ normal modes ” of approach to a 
steady state, with arbitrary oooiTioionts, thus 

A„-| A, eoH^-e -A if.|.A s eo3~— : e -A » t -|. , , , 

' 2 -~V- A - { -I-B a sin M - 1 - . . ., (10) 

A»=4jrxa 1 / ft8 * • . (10) 


This being granted, the initin I ilislrilmlion 
f(x) must correspond to te(>. 1 1 unco /(.»:) 

must admit of expansion in <•1'*' (2), 

Arguments of a similar clmm«* 4 *' r ‘"‘vM l,n 
adduced from Acoustics, and « > t-1 1 *’*' bmnclics 
of Physics. 

The restriction as to continuity* n Imvo nmdo, 
can to a certain extent be cl if^lxmiisod with. 
Provided tho discontinuities m' 11 (, f Onilo 

amount, and occur (within (.in' range of a 
period) only at a finite num lx.'*' "I isolated 
points, tho expansion (2) will »l.i 11 hold except 
at tho points of discontinuity* At Hindi n 
point tho value of f(x) is of mu biguoiiu, 

but it may bo proved that tho hoHch on 11n* 
right-hand sido of (2) converge “.H !•«> » delinilo 
valuo which is tho arithmetic ineim of (lie 
values of /(;t:) immediately lt> tlio left end 
right of tlio discontinuity. '1'liin applies in 
particular to the discoutinuitic 'M xvliieh may 
bo introduced when a function jgiveii over a 
finite range is continued ns a peri *»« Ido fund Inn, 
in tlio mnnnor already cxplumiv I- 

Suppose, for instance, that it* i« required 
to ox press in the form (IS) the ini t iul tempera* 
tnro of a eondueting slab houndoc L 1 \V t lio [dunes 
8=0, x~l, and, for simplicity, t lmt Mm ini(iul 
toinperaturo is everywhere unity. Putting 
/(*) ~ 1 wo liuve 

B* = ^ / sin S ’ r f , ^'-f Jr { l “ tuiH.er), (17) 

This is equal to 4/sir or 0, ano* i r< ling us n is 
odd or oven. Thus 

4 : / . Sttx . Xsttx 
1 ~ir y H,, l / -' a m, » j. 

+ lBin~-'+ . . . ). < 1H) 

When in this euso f(x) is continnoi) mi an odd 
fmietion there is. a sudden ohanjL'o from 1 lo 
- 1, or vice verm, at 8=0 an<l as !, Tim 
series lias then the valuo zero, which in Mm 
arithmetic mean aforesaid. Tlio figmn shown 
tho approximation givon by IhoiUvit, three terms 
of tho expansion. It may he ndi (i*» I, in tearing 



this topic, that in tho application h f.n pitysicul 
prohloms a niafcliomatical discontinuity (c.ij, of 
temperature) is only to bo re|gnrdod ns tho 
idealised expression of a very rapid ImiiHilion. 

In praotlco there is, of eourao, n, limit- to 








FOURTH-POWER LAW, INVESTIGATION OF—Fill 


the number of the cnollieionts A„ 'll, which it 
is convenient to enloulato. The rapidity with 
which the aeries converges depends on the 
smoothness or regularity (in a general sense) 
of the function /(*). It is evident that tiro 
cooilicionts, ns determined by (I) or (o), must 
ultimately diminish without limit as the 
order u increases, owing to the more and more 
rapid fluctuations in sign of tlio cimilnr 
functions cos {2^-irxja) and sin (2>S7r.r/a), and tho 
consequent more complete cancelling of the 
positive and negativo elements in tho integrals. 
Mora definite results wore given by Stokes. 
If tho function f(x), us continued , has only 
isolated discontinuities, tho coefficients ulti¬ 
mately diminish ns 1/s : this is illustrated by 
(18). If f(x) is everywhere continuous, whilst 
its derived function f'(x) lias isolated discon¬ 
tinuities, the convergence is as l/s a , and bo on. 
The present point has many exemplifications in 
Acoustics. For instanco, the more gradual the 
initial impulse givon to a string, tho fainter 
are tho higher harmonics in tho resulting note. 

Tho approximate representation of an 
arbitrary function over a given rango by 
means of functiouH of a specified typo is a 
problem which naturally admits of solution 
in various ways. It is of interest to nnto that 
Fourier’s method is the ono which makes tho 
sum of tho squares of tho errors a minimum. 
Taking for brovity tho sino-sories (13), and 
limiting ourselves, in tho first instanco, to a 
finito number of terms, tho sum of tho squares 
of tho errors is 

^{/(.^-BjSiu y ~U a sin -y- . . . 

-3i w si n “}’(&. (ID) 

To make this a minimum wo must cqunlo 
tho differential coofiioLcnts with respect to 
B„ B 2 . . . , B,„ to zero, Tlio typical 
equation is 

/ | f(x) - B l sin y - B a sin -y - . . . 

- B,„ sill -y- j sin —y dx =0, (20) 
wlionco B,=jJ l f(x) sin-y<to:, . . (21) 

ns in (14), Each additional term included 
in tho series necessarily lowers tho minimum, 
and so improves tho approximation, as tostod 
by tho method of least squares, Ji. L. 


Fourth - power Law, Investigation of, 
botween 1063° 0. and 1540° C. See 
“ Pyromotry, Total Radiation,” § (4). 

Frame is tlio name given to tlio rigid struc¬ 
ture to which portions of a mechanism aro 
attached and relative to which they movo. 
See “ Kinematics of Machinery,” § (2), 
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,o dynamical theory 
coefficient of vis- 
if the 


Fra m bd Strug turks. 

Strength of," § (22), . < 

Free Piston, Internal Coin’ ft0fce,1Ht,<; ( 

Otto and Langon. fiee 11 L Thorny 

dynamics of Internal Combustion,” §j? (3,1) 
and (40). 

Freezing Mixtures, Theory or See 
“ Thermodynamics,” § (03), 


FRICTION 

Introduction. —IPriction may bo broadly 
defined ns the resisting force which is called 
into existence at the common boundary of 
two substances in contact when under tlio 
action of some oxtornnl agency ono of tlio 
substances slides, or toads to slide, over tho 
surface of tho other. . The direction of tho 
force of friction is tangential to tlio suiiuco 
of oontaot, amt so long as there is no motion 
its magnitude is equal to tlio component in 
tho direction of motion of tho oxtornnl force 
toiuling to produce sliding. 

Tho phenomenon of friction is common to 
all substances, solid, liquid, or gaseous, which 
may be in contact with each other and subject 
to forces tending to cause relative motion, 
but the laws correlating the magnitude of tho 
frictional forces produced, with the magnitude 
of the external forces acting and (ho Hilda of 
motion produced by them, differ widely with 
the nature of the substances. For example, 
tlio friction between tho wheels of a loco¬ 
motive and the rails, in virluo of. which rail¬ 
road traffic becomes possible, depi'iuls on the 
weight on tlio wheels and not on the speed of 
tho wheels, whereas tlio frictional resistance 
of tho water to the motion of a ship Moating 
on it depends on the speed of the ship au<! is 
independent of tho pressure of tlio water. 

Tho term, friction has also been extended, 
with certain restrictions, the necessity for 
which will bo oxplninod below, to inohido 
the mutual resistance which different purls of 
the ainno substance offer to sliding over each 
other. That this interpretation must, of 
necessity, bo extended to fluids is obvious 
from the consideration that in tho ou.no of tho 
skin Motion of a ship referred to above, tlio 
particles of the water in oontaot with tho 
surface of the ship aro at rest relatively to* it, 
and the sliding to which the resist unco is duo 
takes place in the body of the water itself. 
,Tho resistance to motion of the ship in, there¬ 
fore, duo to tho shearing resistance of tlio 
water in which it moves, and for this reason 
this shearing stress is commonly called tho 
internal friction of tlio water. In tlio case of 
an clastic solid, however, tlio conditions of 
relative motion of its particles duo to tho 
action of external forces aro moro complex. 
For oxnmplo, suppose a vertical elastic rod 
is supported rigidly at its upper end and 
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at liberty to suppo^. oxtromiby a maSft wh \ vh 
or as an even fnno ()nftl ()aoi|1 ‘ iionH ftl)0Ilt Lht! 
by tlio annexed % nrillg cnch half-oscillation a 
^/oVtnin ammV/ij'.'if the work demo by tlio rotat¬ 
ing mass is stored up as potential energy in 
tlie rod and tins is given out again to the 
mass on the roturn movement. Tt is found, 
however, that tho amplitude of t ho oscillations 
diminishes much moro rapidly than would 
be duo to the resistance of tlio air in which 
it swings, and it is concluded that frictional 
resistances have existed in the material of tho 
rod to bring this about, i.e. the rod has a 
certain amount of internal friction or viscosity. 
In this particular illustration wo havo, there¬ 
fore, a case in which part of the work clone 
against tho resistance to distortion is stored 
up as potential energy of the material and part 
is converted into boat. That tho two pheno¬ 
mena aro essentially different will ho seen 
from tho fact that in the elastic distortion 
tho resistance! is proportional to tho relative 
displacement, whereas in tho enso of internal 
friction, or viscosity, tlio resistance is propor¬ 
tional to tho time rate of relative displace¬ 
ment. 

The necessity for tho restriction of tho iiho 
of tlio term fnotion to those cases in which 
the work done against tho frictional resistance 
is converted into heat is, thoreforo, obvious, 

From these considerations it will ho soon 
that a moro proeisc definition of friction than 
that given in tho first paragraph would bo 
ns follows. Tho resisting forces brought 
into existence at the surfneo separating two 
substances in contact, or two parts of the same 
substance, by the action of any external 
agency tending to prodtico relative motion at 
tho surface aro denominated frictional forces 
in all oases in which the work done by them 
is converted into heat. 

In previous works on the subject of friction 
il ; has boon customary to classify all cases of 
frictional resistance under one or tho other 
of tho following two divisions: 

{a) Friction between solid bodies in con¬ 
tact ; the frictional resistance being subjoot 
to cortftin empirical laws. 

(b) Friction bolwcen solids and fluids or 
between solids separated by a film or fluid j 
the resistance being determined from tho 
motion and physical characteristics of the 
fluid. 

In recent yoars, howovor, it has become 
more and move recognised that this broad 
division of tho subject cannot lie made for the 
reason that it is almost impossible in prac¬ 
tice to obtain contact between solid surfaces 
without tlio intervention of a contaminating 
film of fluid which renders tho phenomenon 
ono m which the naturo of tho resistance in 
to a greater or less extent dependent on tho 
characteristics of tho contaminating film. 


The modern tendency is, therefore, to regmil 
tho frictional resistance of solids in content 
and moving relatively to each cither as a 
limiting case of the friction between Mm 
solid surfaces separated by a liiyor of fluid 
when the thickness of this layer in diminished 
to such an extent that its motion can mi 
longer he treated by t he laws of hyilroilynmnieu, 
so that the unknown boundary conditions 
constitute the main ehnraetiTist ios governing 
tho resistance. 

For this reason it is proposed in the present, 
artiolc to commence with the treatment of 
tho internal friction of fluids and I.lie manner 
in which it is u fleeted by the elmnieterisl ics of 
the motion, and then to proceed to n dismission 
of the force acting at a solid hounding mirfaeo 
of a fluid tangential to the direction of (he fluid 
flow, in the first iiislivneo when the conditions 
at the boundary are known, and Ihmlly when 
these conditions are hypothetical. 

The detailed I'lussilication of tho subject- 
matter of the present article will tliernfom ha 
ns follows : 

Division I. Internal Friction, or Viscosity, 

Division II. The Nature of the Million 
Fluids over Solid Surfaces and tho I'lmruuter. 
istios of the Frictional Forces 0<inuei|ueut no 
tho Motion, 

Division 111. Tim Determination Then rath 
colly and by Kxporimont of the b'lielionai 
Resistance ollerod by Solid Surfaces to iho 
Motion of Fluids over thorn, in all (’uses in 
which the Resistance is determined by (lie 
Motion of the Fluid. 

Division IV. The Friational iteshiteticcs 
between Solid Surfaces separated, or I’arliully 
separated, by a Film of Fluid of such u Depth 
that the Fluid does not Conform to Mm i.nw,i 
of Hydrodynamics. 

Division V. The Frictional Kcsialnnoo of 
Clean Solid Surfaces. 

Division VI. Tim Relation between FiieMmi 
and lleut Transmission. 

I. Inthiinai, Fuiotion, rm Vinnmm' 

§ (I) Vw<jouh.Fi,uioh. - -In distinguishing he- 
tween solids and fluids it is enatomury to deline 
a fluid as n substance which is incapable of 
sustaining tangent ial or alum ring at reus. This 
definition, however, is only trim in (he case of 
actual fluids when they are at rent. When 
relative motion exists between neighbouring 
portions of the same fluid, u measurable resist- 
unco to the relative motion can la* observed 
and alfords a proof that uetmil fluids are 
capable of sustaining shearing stresses i tlm 
fluid is said to exhibit tlm properly nf viscosity 
or internal friction, it would apprmr prob- 
alfle, therefore, that some delinito relation 
exists between this shearing stress in fluid* 
and the rate of distortion of Um fluids of 
which it is tho chnmeteristio feature. It wim 
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atfanmcd by Newton that, for a fluid moving 
in parallel layers, the shearing stress at any 
point at which the velocity gradient in a 
direction perpendicular to the layers was 
dvjdij, would ho simply proportional t-o the 
valuo of the gradient, i.e. that the relation 
between internal fnotion and the relative 
motion would bo given by 


wiicro n, culled the coefficient of viscosity, is 
a fundamental characteristic of the fluid. 

The definition given by Maxwell is ns follows: 
Tlio coefficient of viscosity of a substance 
is measured by tho tangential fnreo on unit 
area of either of two horizontal planes at- unit 
distance apart, ono of which is fixed while the 
other moves with tho unit of velocity, tho 
space between being filled with the viscous 
substance. 

Tho interpretation of tho coefficient of 
viscosity of a fluid, according to the kinetic 
theory of matter, is as follows : 

Lot AB (Fig. I) represent the trace of a 
plane in tho fluid, parallel to 
tho direction of motion, find 
lot there ho a definite gradient 
of velocity at right angles to 
AB ns indicated by the lines 
parallel to AB representing 
tho magnitude of the volocity 
of tho layers relative) to the 
velocity of AB, so that the molecules im¬ 
mediately above AB are moving faster than 
those) below it. Some of those molecules 
will cross AB from the upper to tho lower sido 
and ail equal number will puss upwards to 
replace them. Thus tho layer immediately 
above AB is continually losing momontum 
and that below is continually gaining it. The 
effect is to bring into existence a definite 
shearing stress on tho piano AB which con¬ 
stitutes the viscous drag. Tho internal friolion 
of fluids consists therefore of a transfer of 
motion from one layor to the other, but this 
transfer does not proceed without loss of 
cnorgy, since tho translntory motion of tho 
layers is transformed into heat. This is 
evident from the consideration that heat 
motion differs from translntory motion only 
in tho fact that in tlic former case particles 
are moving in all possible directions and in 
tho hitter in ono and tho same direction and 
that n change from nni-direotinnal motion 
to multi-directional motion cannot fail to 
fcalco placo in a medium which consists of 
particles which exert actions on each other 
by tho forces of cohesion or collisions. 

' § (2) Viscosity op Oases,— In tho caso of 
gases in which tlio molecules are supposed to 
he outside the sphere of enoh other’s attraction 
during the greater part of tlio time considered 


<1 



v 


Fro. 1. 


it is possible by means of the dynamical theory 
to obtain tlio value of the coefficient of vis¬ 
cosity in terms of the charaolcrintics of the 
gas. 1 

We picture the rah ns comprised of ft very largo 
number of molecules, moving with varying velocities 
in nil directions and iiidueticing each other by t«»«r 
collisions. Let us consider ft group-consisting of 
N molecules contained in a unit of volume in tlio 
form of ft cube; then wo may suppose, with Joule, 
that tlio average velocity at right angles to each 
face of tlio cubes is the same, so Unit if V he tin; 
menu resultant velocity and «, it* the components 
wo have V 9 -a s -l-0 a TM>*»8w- 4 . «. w " ro 

equal. 

ThuB we may regard the gas us eonaistnig of three 
groups eaoli containing N inoleoules mid moving 
with equal velocities V / s /3 in the throe .limit ions 
at right ft agios, or as three gmiqis, cnoli containing 
N/3 molecules, moving with velocity V in mieli of 
the three directions in queslion. In eillicr otiBO tilt) 
energy of agitation will ho the same. 

Adopting this latter view it is dear that considering 
the whole number of molecules N in unit volume 
of tin* gas, sinco one-third of this nuinlwr will lm in 
motion |K!r|KUidionhif to any two opposite fucea of 
the unit otilm containing them, and of those half are 
moving towimlH either face ami half away from it, 
therefore tlui nuinlior which will ho moving from 
tho upper to the lower side of any one fact? will 
lx- tine-sixth of tlio total. Further, considering all 
tho molecules which pass through this fnw from the 
upper to tho lower side in unit time, it is uvldrmt that 
those will Im limited to the inoleoules whoso dislntwio 
from the face nt thn beginning of tho limn interval 
was lens Ilian tlio length of tho pith which (hoy would 
travel In unit time. Hence nil the inoh-inili-B which 
oross tlm face from tlio upper to the lower Hide in 
unit time conic from tho prism whoso huso in tlm face 
and whose bright is meiiKiuwl by thn velocity V of 
(ho molecules, i.c. they all come from a prism of 
volume V. The nnmltef of molecules, therefore, 
wliioh cross unit area in unit (lino in llils direction 
fs -JNV. ft immt Im romcniiberud also that each 
of those molecules lias only boon moving in a direc¬ 
tion perpendicular lo tlic fnco of the unit cm he, 
since it-s lust collision, and that therefore it will 
only form one of Hie group during tile time which 
elapses from ono collision to another, i.e. over thn 
distance known ns tho molecular free path L> tho 
average distance t ravelled by a molecule between two 
collisions, 

New assuming tho existence of a velocity gradient 
perpendicular lo the face of the oiihe whoso value is 
unity, i.c. that the velocity of flow nt a distance “ tf " 
□hovo tho unit face is nnraorloaHy equal to “ V " 
ro that according to our definition the friolion oven 1 
tho fnco measures thn oooflloUint of viscosity, wo eun 
calculate the frlotion between the two Jo- 
separated by the unit fnco r 
of particles which p 
tho other por unit of 
tlmir path townr.li 
but on llm average 
tlic fnco which is cq 
havo dosoribed thi.. 

1 Jenna, Kinetic ... 
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Tlieir mean forward velocity is therefore given by 
v =]j. Therefore each molecule carries with it over 
llio face the momentum mL, where m is its mass, arul 
the total momentum curried over in unit time is 
,'NV»nI* 

iSimnltaneotisly there pass in the opposite direction 
across the /ace NV molcctdes, each of which comes 
from an average distance from the face of - L and 
whoso mean forward velocity is given by 
The total momentum carried over in this direotion 
is therefore. - ,\ NV?« L 

Therefore the layer abnvo the unit fuco loses in 
unit timo the momentum 

*NV«L-(-.JNV»L) 

H.NV»d„ 

and this, by hypothesis, is the amount of llio friotion 
exerted on the face, mid is the expression for the 
Oooflioient of visoosity. Since N>n is tlio density ip) 
of the gas wo may write 

Tf, instead of making the assumption that nil the 
molecules have equal speeds, wo assume Maxwell’s 
law for their distribution, it omt bo shown limb a 
more neomuto value of the oooflioient of visoosity is 
given by J 

M“0-30007/)VL, 

where V is the mean value of the speed derived from 
Maxwell h law. (See Moyer’s Kinetic Theory of 
Gases, Appendix iv. p, 451.) 1 

Substituting in theso equations tlio vnluo obtained 
by Clausius for tlio mean free path 


where 3 is tlio radius of tlio splioro of notion of the 
nio oou es and X is tlio volumo occupied by a single 
molecule, we linvo ) 6 

N \*mV 
^ ‘IvS^ ' 


and sinoo 


N<\ 3 = I, 


h' 


jnV 

iirs r 


In this expression for /i there in no factor 
which (lepeiulH on the pressure of the /ms, a 
deduction from tlio theory which led Maxwell 
to predict that the viscosity of a gas would 
bo nulopondeiit of its density, anil thus that 
the oscillations of a pendulum in a gas would 
to equally damped by gnsoous friction, how- 
over low tlio pressure might be. 

Tins conclusion was so much opposed to tlio general 
opinion of physicists at the time that the oxrieri- 
mental verification of Maxwell’s prediction, which 
took place soon afterwards, was perhaps tlio most 
Imporlant actor in the acooptal by p hya S 

tl a vbo n 0 C ° ry - e U ,ms 1)00,1 fnmid, howovor, 
svLi rr T ° ° f ft KaH iB ralll00([ extremely 
'T is t ' /r '' 0,, « Cr ro,1,ni,1 « constant. 

Jins lowoi limit has been found by Kundfc and 

c/imaL ns T ' n 1,10 'Joiffbbourliood of ono-sixtieth 

nL, Pm Aa W0Hld 110 there is 

, U , r P rc8anro li,,,ifc tt which the law no 
longer holds, emco nt higl, pressures the general | 


aammplioiu. ()f lho a m )mfc ilim| ,. ]y 

correct, 

A further deduotion from the kinelio ihoorv as 
oiigma ly developed by Maxwell and Ofnimm*’ uvw 
that the viscosity was proportional to the square 
root of (ho absolute tompumtiiro of tlio gas. JOx 1 n-ri- 
mcntal investigation, however, failed to ostaNish 
Hus relation, and it was found Unit the netnal law 
™ " f P With T was given by a 00 

Mheie n ranged from its lowest value of about. -7 for 
hydrogen to about 1 •() for the less perfect g„s««. On 

i t‘ ,afc M "™ «> »mty for nil 

gases Maxwell deduced that the molecules nmst ..qrel 

««ch other with a force inversely proportional («. (In* 
fifl.ii jMwor of the diatanco between them. Tiiis 
hypothesia, however, had to 1m abandoned when it 
became certain that « was a variable mility, liy 
n nm-XHunuation of tho fundamental assn,. - i,.fhum 

wl ‘ k ' n,)t0 ,' lu!l>r ^ was based KutJ.rrJn...1 

was I d to tlio oonelusioi. that, although tho ni l mo- 
turn etweeu two molecules of a gas is negligildo 
at then- average distance apart, yet, when two 

'SZS'jrr** T ,i(o ol,w ° i,; 0,10,1 * in* 

ill "n 1 " ^ collision nhi.il. 

in its absence would not have taken place 

On this hypothesis Sutherland 1 has deduced from 

,,f "r r wt (if » 

H? 1 . of . ,,1(1 mnhwular nttniotion in .>, u dim£nii 

m io'-’n (hu ,nnmi > ,!Uh L 

h Ml «/ l) ‘r ,W0 ° m '* 0,1,, »b»»fc for tho |,„s. 

It follows therefore, from tho expression 

!(ll 5 t f !l, VI,ri r N T 1,11,1 h varies invent,dy 
ns (I l-c/1), dm value of /i will vary iih ^ 

Vt 

1 -l-c/T 

illvCMli « ati<m i'lto the viscosity 
0 air (mo § <fi)) it was found by (Jrlndley and (Jilxi.m 
at this relation held with consider,ihlo uconmoy 
hawcon tomjKiratnicM of 0 and 1(>0°, i|„, maximum 

mwrno. U U1 ' ! ]SX, ' B,l I MKNTAl ‘ l>KTK«MI»Arit)W 
moi' VAr,WJW ov ^kwkmbnth ok Vvmmmity 
oh ViAnm. (i.) JSqmtums of MouJ a\ 
tho majority of tlio methods used to measure 
vtscomty depend on a relation hotwc m ] m 

n,ofclo, ‘ Of tho fluid and tho variations fin 
piessuro from point to point, a brief 1 !, 
o flic donvat.on of tho equations of motion 
of a viscous fluid is hero given, 

tho«r n M ng ^ *™ U| of fcho Noivtnniim hypo, 
thesis, tho equations of motion of tho fluid 

oun bo obtained as follows! .If we imagino 
p’7° tf™”. 1 ? ' ,0 dmj™ Uimugh miy ,“l, l0 
‘ fch . c n " ul Porpondioular to the axes of 
X 'e V ir ‘‘ 3 r09 l 1Cc lively, tlio three oompono,. ts 

!•« of fir po , r umfc aroa oxortwi tho 

lust of Ihoso pianos may ho denoted by « 

?W respootivdy; those of tho 
nuoss tlio piano porpondioular to y by v 
Pw Pv* \ nnd thoso of tlio stress across tlio piano 
pojiicndumlarto.l ,y Vsxl Ptu , Pss . 1 

J-t follow’s at onco that, considering an 
1 “ Viscosity of (liises,” Phil, Mag,, Dcc . 38fl3< 
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element dxSt/jz having its contra at I’, and 
taking moments, 

Pvz'-Psu, Pix~Pxz, Pxy ~Pux- 
Also, if pj, p .,, p.j hr? the jninct[xil stresses (it I.’, 
it can bo shown («) that 1 

Pxx +p»v + pss—Pi + Pt -I- Pa; . (1) 
i.c. the arithmetic moan of the normal press - 
nres on any three mutually perpendicular 
pianos through tho point 1? is tlio sumo and 
squill to p (say); and (l>) that the values of 
Hio stresses in terms of p, tho eoelTiciont of 
viscosity p, and tlio rates of distortion arc 
given by tlio expressions 

P*y=P m =fi{^- 1-|) 

'J'bo condition for “ laminar motion”— 
notion, that is, in wliich tlio fluid moves in a 
lystoin of parallel planes, tho velocity being 
n direction everywhere tho saino, and in 
nagnitudo proportional to tho distanco from 
:oino fixed plane of tho system—is scon to be 

«=«</, v= 0 , w= 0, 

mm which it follows that tho nxiH of x hoing 
•alcon in tho direction of motion and tlio 
ralocity hoing proportional to tho distanco 
wm tho plane zx 

)vx~Pv V -2hz~-p, Pvz~(>, p t i~0, j) xy -pa, 

4 « ” hoing tho rate of distortion. 

'Hie stresses in different fluids under similar 
conditions of motion will be proportional to 
■he corresponding values of p, but if wo wish 
o compare their effects in modifying tho 
ixisting motion wo have to take account of 
ho ratio of thoso stresses to tho inortia of 
he fluid. From this point of view the detor- 
nining quantity is tho ratio p/p, which iH 
lonotcd by tho sjicuial symbol v, called by 
daxwoll tho “ kinematic ” coofficiont of vis- 
:osity. Tho equations of motion arc obtained 
\y considering tho forces acting on a rcot- 
ingular olomcnt having its contra at P. Thus 
esolving parallel to x, tho difTorcnoo of tho 
lormnl ])rossurcs is (dp ctx /(tx)5xSySz, Tho tan¬ 
gential tmotions on tlio zx faces amount to 
<'pJ<>y)»yoxSz, and thoso on tho xy faces aro 

, 1 1 ! »'t"xty (1010 oil.), p, 509 , See 

dso Juliistlcity, Theory of,” § (0), 


(dp tx /dz)ozdx8y. If therefore X, Y, and Z are 
flie components of tho external forces por 
unit mass, wo have 


Bit 


IX ' t'x 'ey \z 


/®=c y + i S; ? +'? 


<P.tv ijPuu H <p 2 V 

'i'X 'in ',:z 


IX ' Ox <p V'z 


(3) 


whore B/IX denotes a differentiation following 
the motion of tlio fluid, i.c. 

B 'il ',) r ( ) 

+ 11,r -I-IV.-" d- Wf r-. 

IX cl Ox vy dz 

Substituting the values of p xt , ote., given 
fthovo, wo have 

Bit Y 'i' p , , 'd0 , 2 


(4) 


wlioro 


ami 


ote. . 

0-'- K -\' ,)v | ' ( ‘ w 
'c.v dy 'v7. 


V 


'<>* 


'c.i: a 'c\r 'Cz- 


Wlion tho fluid is incompressible, these 
reduce to 


Bit v 'up 

Bl» .. '<!?) 

'•j )r^-4 lww 

B«> Vp 
f j H -l>'‘ ~ V u +W*» 


(fi) 


(ii.) •Flow Uirnuyk n Oircuhtr Pipe ,—As an 
example of the applications of these equations 
wo may take tho important case of tho steady 
flow of a liquid through a pipe of uniform 
circular section. 

Taking tlio axis of z to lie coincident with 
the axis of tho pipo, and assuming that the 
velocity is ovorywboro parallel to z, and 
dopondent solely on the distanco from tlio 
axis, wo have w=0, v^0, and therefore 
from (G) 

r ,Wi 'An 

( 1 ) 


?P-0 

fie 'tty 


i.c. tho moan pimsmo is uniform over each 
section of tho pipo. Again, from (5) wo have 

'i)p_ (Ww D 3 «A 
fiz”* 1 YiP'" ?z* )> ’ 1 ^ 

where p is a function of a. Transforming into 
polar co-ordinates r and 0 

'dp _ fWw mill I Wto\ 

'Oz t fir* r W W*)’ 1 

and, since by symmetry w is independent of 
0, tlio last term on tho right-hand Bido vanishes. 
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Hence (ho equation may ho written 


or integrating 


Since the velocity must be finite at tho axis 
A — 0 nnd, if B be determined on tho assump¬ 
tion that w~0 at tho boundary, i.e. tiiero is 
no slipping at tho wall of (lie pipo (r--« say), 
we have 


•3 

'or 1 

\ 'vz} H- 'O. 

• (4) 

1 

4/* 

, |i' + A logr + B. . 

. (6) 


(a 2 -r z ) 

W=—■-:-- • 

4/i vz 


The flow across any section is therefore 

( 


„ s <: P 

w. 2nnr=- 5 — • v? . 

8/i vz 


( 0 ) 


(7) 


Thus if V be tho volume passing in time T so 
that the flow is V/T, wo lmvo 

y dp . 

8 u <h 

If tho fall of prcsBuie along a length l of tho 
tube is uniform and equal to p, -p 2 , this 
equation may bo written 


V=T^ 


Pl-P * 

8/i l 

If, on tho other hand, tho possibility of a slip 
at tho boundary is not oxcludcd, tho most 
natural assumption to make is that tho slip¬ 
ping is resisted by a tangential force propor¬ 
tional to tho rolntivo velocity, 1 i.e. tho 
boundary condition would bo 

9h> _ 

-P7fr = pw, 

whore p is a slipping coefficient, or 


ow 


w= - x w in i- 

This determines B in equation above, so that 
Ot 3 - r 2 -|- 2\n\ 


-i( : 


4/ t 


If \/n is small, this gives sensibly tho same law 
of velocity as in a tube of radius n + \ on tho 
hypothesis of no slipping. 'J.'iio corresponding 
value of tho flow is 




§ (4) Effect of Turbulence.—I t is dear 
that any experimental verification of tho truth 
of tho law of resistance postulated by Now ton 
will depend upon whether in the relation 

, dv 

a value of g for any given fluid can lie found 
which lias an identical valuo for all values 
of tho velocity gradient dvjdy. It will bo 


seen later that in those oaaoa of dIni*l motion 
in which the motion is lurl>u (on b or 0‘hlying, 
the ratio of the shearing in tho (lni t j 

parallel to the mean direction <rf tho l| olv 
to tho mean velocity gradient | >i.*J'|in»rii<Hi] (lr 
to this direction is not an n | )H ofiito constant 
for tiio fluid, hut depends on j nistunl values 
of tho velocity of flow ami (.] it» distribution 
of tho solid boundaries of tho flow. In these 
cases tho Newtonian liypoUit>**i.-« Iji'ftftks down, 
but its truth under eireumnLiuni«H of stream- 
lino How defined by the condition that tho 
velocity of the fluid at any fi.vtui -point j H 
always constant in magnitude* find dironlion 
lias boon fully demonstmtod. tin* lor tlioso 
conditions of motion the cm'ofTU’innh /t has 
hcon shown to ho a physical property of tho 
fluid and is known as tho abnolnto oooflioicnfc 
of viscosity. 

§ {/>) Results of Eximhumio n (i.) Oases.— 

Most of the earlier detormiilotions on gases 
wore carrlod out by the method of noting tho 
damping of tho oscillations <»f a disc in tho 
gns, ns in tho ease of Max NVtdl’s ohissienl 
experiments, 3 In this metinxl, however, 
tlioro are cmiBiilomblo mntl»o**witieul difii- 
oulbles in detormining tho innfioti of tho air 
at tho edge of tho disc, and in t'ccout work on 
tho subject tho method of olmorving tho fall 
of pressure of tho fluid wltou I lowing at a 
known speed through a ohiuim.il with parallol 
walls has been used. An oxample of this 
niothod is soon in llio work of CS-HncIloy and 
Gibson on tiio viscosity of air. 3 Thu ft] ipimttuH 
used consisted of two gas-hc»l<lm« of about 3 
cubic foot ea))aoity con lieu tod |>y n Inrigth of 
lead tubing of (M2f> inch (liaimitoi', «if which 
part was used as the «xporinic.m.t;.fd f illio, Tho 
eruls of tho experimental portion itro con- 
nooted to u manometer by whitdi Mm full of 
pressure can ho measured. In cm >min<mcing 
an experiment olio of the gas-Jic»]«Ioi*H contains 
air and tho othor water, and hy admitting 
water under pressure to the lower part of tho 
gns-holder containing air, tho air in forced 
tlirough tho tubo at the deni rod rate, Tho 
gas-holders were calibrated so (Butt. Min volume 
of air passing through tho tubo in it #j?iv«n timo 
could ho determined. The of tho tub 0 

botwoon tho vossols, whioli wan iiltoul 1110foot, 
was wound on a central brans nylindur on a 
helix of - 3 * a - pitch and 1 ft. clin-aiiotnr, Tiio 
cylinder rested on supports in n v«*mho 1 filled 
with wnler and provided with cto vices for 

maintaining the temperature at imy desired 
valuo between 0" 0. and 100° < •. '.rf'm uxpmi- 
montal part of tho tubo was cilnmt 1<)H foot 
long. 

By inserting tho known vulues of (he flow 
and value of tho pressure gradient in mjnation 
(6), § (3), tho value of /t was deduem j| ; was 


1 Lamb’s IIudrodmmics (1015 edition), p. 572. 


* Phil. Trans. Hon'. Hoc. el Vf. 

3 1‘roo. Hoi/. Hoc. A, Ixxxr. :i L-l. 
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found that in accordance with tho results of 
previous investigators the value of g was 
independent of the pressure, ami, further, that 
its variation with temperature closely approxi¬ 
mated to tho law (Icdnuoil by Sutherland from 
thooretieal considerations, so that tho value 
could bo written 

_ icVt 

^ ~ 1-1-c/T’ 

wbero T is the absolute temperature, and, for 
the caso of air, 

1C = 141-8 x 10-% 
c = 102(5. 

For comparison, with tho results of . other 
ohservors which arc ox pressed in tho form 
g=r«(l + i/.-M 2 ), tho values of the constants 
a, h, and c for air were found to bo 
« = 170-2x 10'°, 6 = 0-00:12!), c=0-000007. 

(ii.) Liquids. —In forming n pliysical con¬ 
ception of tho viscosity of liquids it is of in torcst 
following Maxwell, 1 to regard the phenomenon, 
not as an oxnmplo of tho diffusion of matter, 
but ns a limiting caso of an elastic solid whon 
tho material breaks down under shear. Thus in 
the case of an clastic solid the shearing stress 
on any piano is proportional to tho spneo 
rate of displacement of tho material parallel 
to tho plane. Tho viscous drag is ihoreforo 
related to tho velocity in precisely tho same 
way ns tiio elastic shearing stress to Urn 
displacement, Wo may, therefore, look upon 
a viscous liquid us capable of exerting a cortnin 
amount of shearing stress for a short time 
and then breaking down and the shear recom¬ 
mencing. If wo suppose Unit tho rate at 
which tho shearing stress breaks down is pro¬ 
portional to tho shear and is equal to A0, where 
0 is tho shear given by 0 = dx/dy, a- being 
tho horizontal displacement, the rate at which 
shoar is supplied is dO/dl, or d/dy . dx/dl, 
i.e, djdy . v, whoro v iB tho velocity of displace¬ 
ment. Wo have therefore AO —dvjdy, and 
since tho shearing stress is givoti by J-~nt) 
we have f—n/X. ilv/dx, or n/\=g. Tho quan¬ 
tity 1/A is called the tiino of relaxation of tho 
liquid and measures the time taken by tho 
shear to disappear when no fresh shear is 
supplied. 

§(0) Eaiu.y Exi»KBIMKNTS. (i .) Poinr.uillc's 
Method. —Tho earliest experimontor on the 
viscosity of liquids was 1’oisouillo, who (tarried 
out a very extensive series of observations on 
tho flow of water through capillary tubes, 2 In 
these experiments tho outlet end of tho capil¬ 
lary tubo was connected to a reservoir of wat er, 
the pressure in which could ho regulated to 
any desired valno by means of an nir-pump, 
connected to tho upper cover of tho reservoir. 
Provision was also made for regulating the 

1 " Dynniulcnl Theory of Gases,” Phil. Tram. 
Howl tiocieht, civil. 

1 Complex mid us, 1840—11, tt. xl. xil. 
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temperature of tho water to any desired value. 
It was, therefore possible, by using capillary 
tubes of varying bore and length, to obtain a 
relation between the rate of discharge, the 
dimensions of the tubes, and the pressure 
and temperature of the water. The relation 
ns given by Poisonjllo was 

P.11 1 

18:1(1-724(1 t-O-OffSOT-l- 0-00022IT 2 ) L , 

whoro Q is the discharge in milligrammes of 
water per second, P is the pressure difference 
botween the cihIh of the capillary tube in milli¬ 
metres of mercury, and I) and halt) the ilia under 
and length of the tube in millimetres. It will 
bo noticed that this relation agrees exactly with 
the results of tho motion of a viscous fluid 
through a pipo of circular cross-Bcol.lon, on 
tho assumption that tho velocity at tho hound- 
ary is zero, i.e. tho time of ell lux of a given 
volume of water is directly as the length of 
tho tubo inversely as the fourth power of the 
diameter and inversely as tho difference oE 
pressure at its onda. As an instance of the 
high order of ueouruuy obtained in these ex¬ 
periments it may ho remarked that the value 
of n for T = 0, calculated from the above 
expression, is In close agreement with (ho most 
modoru dolcrminalion. It has been pointed 
out by Lamb I hat, if any appreciable amount 
of slipping id, the boundary of l)m pipes used 
by Poisonillr took place, a deviation from tho 
law of tho fourth power of (lie diunnder would 
beoomo apparent, and tho fact Mint this was 
not tho ease excludes the possibility of such 
an amount of slipping us has been inferred by 
Holinholtz and Ptolrowski from their experi¬ 
ments on llio torsional oscillations of molal 
spheres filled with water. Tim question is 
very fully discussed by Wlml-lmin, a who mm- 
eluded that no slipping took place. 

(ii.) Temperature tiffed. —it will bo seen 
that tho variation of viscosity with temperature 
is of tho opposite sign from that of gases. Mild 
it appears to bo a oharautorMio of all liquids 
that tho viscosity diminishes as llio tempera¬ 
ture rises. In tho enso of water tho change is 
fairly rapid, as will bo scon from the following 
table, which gives tho results of do terminal ions 
by Husking. 

romp. o° v . io 20 bo -in oo no vo 

,«.= -0L8 -018 -010 -008 -0000 -00fi. r > -00(V -0(110 

This rate of variation is in very fair agree¬ 
ment with the temperature cuollioieiit unit 
determined by 3‘oiseuille and given in llio 
formula above. 

(iii.) Corrections. — Tho I'oisouillo moUintl, 
on account of tho simplicity of Dm upjmmtiiB 
required ami the ease with which tho obser¬ 
vations can bo liirnlo, is still much used, but 
it should bo observed that for aeon rale work 
two corrections to tho results must he applied, 
3 Phil. Trans. II.X. A, c.lxxxl. C.5S). 
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I» the first place, the difference of pressure 
between still water on the inlet and outlet sides 
of the pipe is not an accurate measure of the 
pressure gradient along tho pipe, since some of 
this pressure difference is required to com¬ 
municate the kinctio energy of motion to the 
water. Further, in deriving the equation of 
flow (S (3)). it is assumed that tho velocity 
distribution across tho pipe lias boooino 
uniform and that no accelerations parallel to 
tlie axis of the pipo are taking place. Tin’s 
condition is not fid 111 led near tho inlet end of 
the pipe, ns an appreciable length of tho pipo 
from the inlet in tho direction of (low is 
required in which tho accelerations dio out 
and the velocity distribution becomes uniform. 
For theso reasons instead of the who of tho 
simple formula derived from equation (7), § (3), 


Pi-Pi 

^ 8v • ~~r~’ ■ 


. ’ n which T is tho time of efflux of tho volumo 
V of liquid, {», - 2 >i) tho pressure difference 
between tho inlot and outlet ends of the 
pipe, nnri i tho length of tho pipo, tho following 
formula, in which tho corrections explained 
abovo are inserted, should bo used : 

„= ™ > T (Pi-P») , mpV 

SV(l + nn) 8jrT(i + no)' 

where p is tho density, of the liquid under 
test and n and m aro constants" Tho value 
of ft may ho taken ns 1-04 in all cases, and 
provided that- tho valuo of the second term 
in equation is small compared with that of 
tho first, in may ho assumed equal to unity. 
\\ boro high accuracy is required it is necessary 
that tho valuo of »i should ho obtained 
experimentally by a series of viscosity deter¬ 
minations with different rates of flow.' 

§ (7) Moi» Biur iKVKSTiflATiojrs.— In roeont 
work, however, it lias been found that no 
great difficulty is experienced in making an 
accurate measure of tho pressure gradient 
along tho pipe at a sufficient distance from 
tho nilot, provided that tho pipe is made of 
some substance which can bo easily machined. 
In tins method two fino holes aro drilled in 
, walls of tho pipo at a known distance apart 
along tho axis, groat caro being taken to 
prevent a “ burr ” being formed in tho inner 
surface of tho pipe where tho hole passes 
through tho wall. Suitable nipples are 
screwed into (ho holes at tho outer surface 
and flexible pipe connections made, one to 
on eh sulo of a sensitive manometer. In this 
way when tho (low is sot up an accurate 
measure of tho fall of stalio pressure of tho 
-l between tho holes is obtained. As it 
iown that tho static pressure is constant 
iy section of tho pipe, tho intensity 
lurfaco friction is easily calculated 
formula R=pn/2(, whore p is tho 


pressure difference per unit area indicated by 
the manometer and l is the distance between 
the- holes and a tho radius.’ This method J„ w 
recently boon used at tho National Physical 
Laboratory for the determination of tho resist 
ancc to flow of thick oils in pipes. As (J K . 
method of obtaining tlm pressure gradient In 
the pipes m these experiments is novel, a brief 
description of it is given. 

Tlio manometer used was one of tho PI in K ook 
typo, tho principle of which is that tho proas 
uro difference at tho two ends of a U-1.ubo 
is balanced by tilting tho tube through a 
small measured angle so that the “bead” 
duo to tho difference of level of the fluid i n 
the two vertical arms of the U-tulm balances 
tho external pressure difference, and n <« 
movement of tho fluid through the tube takes 
place. her the latter purposo a telescope 
! H h * ccl to tllc tilting-table, the lovol of which 
is always adjusted so that the lino of 0( >]. 
lunation passes through the smW of tho 
manometer fluid, say water or mercury. It 
is, however, essential for the elimination of 
unknown forces duo to capillarity that tho 
ends of the manometer tube where the surface 
of tho fluid is situated should bo cup-shaped 
as shown in Fir,. 2, and as the detection <if 


* .. UUIUUI/MUl. or 

the movement of such a largo surface in ft 
matter of some difficulty, the dovieo is ndoptod 
of mtnuluomg a scoond liquid, ()il 

whioh will not mix witli tho water or moroiiry, 
mb> the horizontal limb of the gauge, and the 
Man-hue of tho telescope is focussed on to tlio 
meniscus formed by the common surfireo of 
the two liquids. Thin is tho usual dovieo 
adopted for measuring pressure differences 
duo to tho flow of gases through pipes when 
tho static pressure of tlio gas is small. For 
measuring the pressure drop in pipes convoying 
liquids and when the statin pressure of tlio 
liquid is high, the typo of manometer illustrated 
m Fig 2 is more convenient. This consist;, 
of a U-tulie filled with moroiiry up to tho 
centre of the lower (nips, tho space above tho 
mercury being filled with salt water. ],, 
order to obtain a sharply defined surface of 
lugli sensitivity ns an indicator of tlio move¬ 
ment of the mercury, the right-band cup i H 
contracted to a small section and a second 
cup attached to it as shown. Tho upper end 
ot this scoond oup is connected to a reservoir 
containing a transparent oil which will not 
mix with tlio snlt water. A side comiootiim 
to the upper cup is connected with tlio ex¬ 
perimental pipo. Tlio gauge is filled so that 
the separating surface of the oil and water 
form a meniscus at the extremity of tlio 
contracted part of the lower oup, and on tins 
tlio hair-lino of the telescope is focussed. Tho 
auxiliary glass-bulb fittings at the sides are 

Clio S n &Bt-j£S “ 1101,11 Mctio,wl fotco -‘Utfer- 
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introduced for convenience in filling tlio gauge 
and making sure that no bubbles of air are 
loft, in any part of the connections, and in 
order to obtain a short-circuiting device by 
means of which tho zero of tlio gauge can be 
read oil' without stopping the (low of liquid 
in tho pipe, Bor tho latter observation tho 
two taps in the cxpcriment-al pipe connections 
nro shut and the tap in the short connecting 
pipo opened. By this apparatus tho frictional 
resistance) to (low was obtained in the ease of 
thick oils of viscosity ranging up to 20-0 x 10~ :| 
in absolute 0.0.S. units. 

§ (8) Tu t; Kwncr of Piiiissuuu on thk 
Vl-SDOStl'Y OF Liquids.—I n tho easo of liquids 
of relatively low viscosity the variation in the 
value of tho ooonioionb of viscosity with 
change of pressure is not very marked. Tho 
viscosity of water diminishes slightly for 
pressures of a few atmospheres, and that of 
benzol and other increases. Uocont researches 
on tho changes of viscosity of certain liquids 
when tho pressure is carried to values as high 
ns 1000 atmospheres have, however, shown 


than 4 to 1. Tho remarkable character of 
tlio rate of rise of viscosity with pressure at 
tlio higher pressures will lie. seen from the 
curves in b'itj. 3, 
which illustrate 
the resuits ob¬ 
tained for castor 
oil and a mineral 
oil. As this in¬ 
vestigation has an 
important bearing 
on tlio constitu¬ 
tion of liquids, n 
short description 
of the method 
used nt the Na¬ 
tional Physical 
Laboratory for 
measurements of p„, 

tho coefficient of 

viscosity at high pressures is hero given. t Tho 
apparatus used for these experiments was de¬ 
signed for carrying out tho testa by a mothoci 
suggested by J)r. T. B. .Stanton, and a ilingmm- 




onormous increases in viscosity due to high 
pressures. Tims in tho oases of alcohol, 
carbon bisulphide and othyl alcohol, Pro¬ 
fessor 0, Faust of Gdttingon has found tlio 
viscosity of these liquids at pressures of 
3000 atmospheres to be more than troblo 
tho valuo at atmospheric pressure. In* a 
recent research carried out at tlio National 
Physical Laboratory by Mr. J. H. Hyde, 1 the 
viscosities of mineral oils at a pressure of 1100 
atmospheres were found to have a value 
oxceoding 10 times tho value at atmospheric 
pressure, whereas in the ease of a vegetable 
oil such ns rape, tlio ratio was not higher 
1 Pros, Hoy. Soc. A, xcvii. 


maf ic sketch is shown in Fig, 4. Tho tantrum on t 
consists of a U-tubc, the limbs A and B of 
which are connected together nt their lower 
onds by a largo boro tube and at their upper 
ends by a capillary tnbo 0 us shown. The 
whole is mounted on a frame, supported by 
a knife-edge D, and so arranged that the left- 
hand side is heavier than tho rigid.. The lower 
half of tho circuit is filled with mercury and 
tho uppor half with the liquid under experi¬ 
ment. Tho motion of the frame is governed 
by tho extension of a spring 8, to which it 
is connected through tho supporting arm lf‘ 
terminating in a pointer which moves over n 
finely divided scale. In making an experiment. 
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!j (10) Tui'; Visoositv ofSomos. —As pointed 
out in the introduction to this article, the 
frictional resistance which one purl of a solid 
finely oilers to the sliding of the other part 
over it is mtulo ii|» of two distinct phenomena : 

(1) the elnstiu distortion of the substance in 
which the work done is stored up ns potential 
energy in the molecules of the body, and 

(2) the viscous distortion, tlu> energy of which 
is converted into heat. It has been remarked 
by .Lord Kelvin 1 that this distinction is not 
rigidly correct, since even in the absolutely 
perfect elasticity of volume presented by 
homogeneous crystals dissipation of energy is 
an evitable result of every change of volume, 
because of the accompanying change of 
temperature and consequent dissipation of 
heat by conduction and radiation. It is, 
however, recognised that the loss of onergy 
duo to this cause is small compared with the 
wholo loss of energy whieli occurs in many 
oases of the vibration of metals, ho that the 
Hfcatomont above may ho taken us miilieiently 
noon rate for most purposes. The usual method 
of studying the phenomena of the viscosity 
of metals is by noting the rate of damping of 
the torsional oscillations of long rods carrying 
a heavy muss at one end and fixed at the other 
end. The damping of the oscillations is said 
to bo more rapid in glass than in most of the 
elastic metals such as copper, iron, silver, 
aluminium, bub on the other hand tho damping 
in tho ouho of y.iiio and india-rubber is more 
rapid than in glass, In the experiments 
described by Lord Kelvin in tho paper re¬ 
ferred to, it was found, as would bo expected, 
that tho loss of energy in a vibration was 
greater the greater tho velocity, but that the 
variation with speed was not nearly propor¬ 
tional to the velocity of deformation as in 
tho oiiso of fluids. It would appear, thoro- 
foro, that tho damping is not altogether tho 
olfoet of viscous resistances of tho ordinary 
typo which aro proportional to tho rates of 
strain. 

8(11) Tiik Intkunai. Fiuotion of Fuhdh 
in Tunnur.RNT Motion, (i.) liddying Million. 
— before entering upon a discussion of tho 
ohavaotorislics of tho internal friction of fluids 
when tho general motion is eddying or turbu¬ 
lent, a brief description of tho mothods of 
velocity estimation under these conditions is 
desirable for the reason that a measurement 
of tho mean ruto of How of the fluid through 
any fixed element of surface taken over an 
npprooiablo time is a matter of fundamental 
importance in tho practioal determination of 
tho frictional resistance. Since by definition 
n fluid in turbulent motion consists o! a mass 
of eddies, it might bo supposed that any 
determination of tho kind undor consideration 
would bo monningloss ns defining any physical 
1 Proc. U.S., 1805, xiv. 280. 


condition of the fluid, and this is probably 
true in swell eases ns those in which eddies, 
relatively largo in size and slow in period, 
are thrown oil' from the projecting edges of 
bodies immersed in fluids moving relatively 
to them. It 1ms been found, however, that 
in the majority of eases of 11 uid motion in 
which turbulence is known to exist either from 
the fact that the critical speed' has boon 
exceeded, nr from the observations on tho 
resistance to How being greatly in excess of 
those due to streamline motion, the eddies am 
apparently of such small dinumsiims and of 
such high periodicity that any nppreuiubln 
variation of the forces produced mi nn 
immersed body by the turbulent motion of 
the fluid over it cannot bo dot-ant ml by 
ordinary mothods, ii'or example, if in a 
parallel channel 
through which air 
is in motion above 
tho critical H|H*od, 
a small open- 
mouthed tube he 
placed with its 
axis parallel to the 
axis of tho channel 
and its other end 
oimnoelod to a 
sensitive mano¬ 
meter ns shown in 
Fig. 5, it will be 
observed limb if 
HiiHioiont preeivu- ' 
tiotis tiro taken b> 
eliminate external 
disturbances and. J«*ii», ft. 

Irregularities of tho 

mechanism causing the How. tho reading of tint 
manometer remains perfectly sternly. Kurlher, 
if tho pressure in tho tube ho aooumloly 
measured it will ho found that its value exceeds 
that of tho fluid itself by the quantity £/n> a , 
whole p in tho density of tiro fluid mid v is 
tho moan speed of ( lie fluid which won hi exist 
over the area occupied by tho mouth of the 
tube if it wore removed. Tho pressure of 
the fluid itself is usually called tho Hliilio 
pressure, and in tho orho of a (Inid in 
motion, either strcamliko or turbulent in 
character, tho static pressure at any point 
is tho pressure at tho boundary of any smooth 
solid surface containing tho point and parallel 
to the direction of How at that point. It 
is evident- that tho above relation liobwoou 
tho dynamical pressure at the inoutli of 
the tube and tho static pressuro ufiords a 
convenient method of determining tho value 
of tho mean speed of a Hu id at any point 
in it. 

(ii.) The Pilot Tube ..—In tho easo of Mm 
parallel channel, since it is known tlml tho 
1 Sou § (71), (III.). 
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pressure is independent of tho radius (see 
x /;n) all (hat is necessary is to measure the 
ditfcremo in pressure between tho «»pen- 
innnthed tube facing the current, commonly 
failed a Pitot tube, and that at iv nolo m 
the walls of tho channel at the aamo ™- 
section, and equating this to $pe 2 , the velocity 
can be calculated. In this way tlio velocity 
distribution over tho cross-section of a parallel 
channel may be determined and tho total 
flmv calculated by graphical methods. Com¬ 
parison of the total How bo estimated and that 
given by a discharge meter at tho outlet of 
the channel has shown that the method can 
lie relied upon to a high degree of accuracy. 
For cases in which Hie Dow does not take 
place in a channel with parallel walls, it is 
necessary, for the purpose of obtaining tho 
static pressure, to introduce an artificial 
boundary as close to tho mouth of tho I’itot 
tube as possible. One method of doing this 
is shown in Fig, 6, which is an illustration 
of tho standard in¬ 
strument used for 
velocity measure¬ 
ment at the National 
Physical Laboratory. 
Careful experiments 1 
with an instrument 
of this type moving 
in free air have 
shown that tho 
velocity estimation 
obtained from it 
-when tho pressure differences are measured on 
a manometer of the Chattoolc typo have a 
limit of accuracy of one-tenth of ono per 
cent. In the use of the instrument it is, 
’ of course, necessary that the density of tho 
fluid nfc the point considered should bo 
known, and in tho case of a compressible 
fluid where considerable dittbrouccs of density 
exist this may involve another experimental 
determination of Homo difficulty. 

Tiie original use of the Pitot tube seems to 
have been for tho purpose of measuring tho 
distribution of velocity in rivers and canals. 
In this form it oonaista simply of a glass tube 
bent through a right angle and held vertically 
in the current, tho height of tho column of 
water inside the tube abovo the surrounding 
surface being noted. By this means tho uso 
of a static pressure tube is avoided; but it is 
obvious that tho velocity estimations must bo 
of only an approximate nature. 

(iii.) The Critical Velocity .—It was first 
shown by Osborne Reynolds that, when a 
fluid was in motion through a parallel channel, 
Micro existed a critical value of the moan 
speed of flow at which tho character of tho 
motion changed from ono of steady streams 

1 Report of Advisory Committee for Aeronautics, 
1912-13, p. 35. 
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parallel to the axis of the cliamiol to ono <»f 
turbulence in which tho whole of the (lui«l 
was broken up into a mass of eddies, Tin* 
causes of the change in tho typo of motion 
will bo discussed in greater detail in (In* 
subsequent sections of this article, but for 
tho present purpose it is sufiieiont to remark 
that tho change was found to coincide with n 
cbaiigo in tho law of frictional resistance li* 
How through tho olmimol, the stromnlino 
motion corresponding to a resistance vary it ut 
as tho first power of tho speed, and the turbu¬ 
lent motion corresponding to a resistanoo 
varying nearly ns the square of (ho spend. 
In tho latter ease, although tho mean motion 
at any point when taken over a mdlicient time 
is parallel to the sides of tho channel, it in 
made up of a succession of motions crowdn# 
tho channel in di/Vercnt directions. It i« 
evident that in this case if wo are, to udhoto 
to tho definition of the eoeHioient of viscosity 
us tho ratio of tho shearing stress to tho 
rato of distortion, i.c. that f : - n(di'/di/), and, 
further, if » is taken to express the mean 
motion taken over a mifiUnent time, then 
sinco / is known to vary as a power of tho 
velocity greater than unity /t must lie a 
function of the velocity and must ho hold to 
includes the momentum per second parallel 
to tho piano of shear, which is unwind by tho 
oims-atrcams through tho piano. 0 

(iv.) The. Two Vimatilicn. —If, however, we 
regard tho above relation its expressing tho 
instantaneous value of the intensity of tho 
resistance ut a point in tho fluid, wo must 
realise that dv/dy is tho instantaneous value 
of tho rato of distortion, a quantity which wo 
have no means of measuring directly, and 
that then /t is independent of tho motion and 
a physical property of tho fluid. It appears 
thoroforo that, as pointed out by Osborne 
Roynolds, there arc two essentially distinct 
viscosities in fluids. Ono is a physical 
property of tho fluid and is a measure of the 
instantaneous resistance to distortion at a 
point moving with tho fluid, and the other is 
a, mechanical viscosity arising from the molar 
motion of the fluid and given by the relation 
J—pt'(dvldy), whore v in tiie moan motion at a 
point taken over a sufficient time, and /t' 
is a function of v and probably also of the 
distribution of tho solid boundaries of tbo 
fluid. 

That those characteristics aro independent 
of each other, apart from tho fact of the 
dependence of tho existence of the mechanical 
viscosity on tho physical viscosity, is shown by 
tho striking fact that when tho motion of a 
fluid is siioh that fclio resistance is ns tho square 
of tho velocity, the magnitude of the rosistaneo 
is independent of tho ohnmotor of tho fluid in 
all respects, oxcopt that of its density. 

1 Roynolds, Scientific I’apere, II. 230. 
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§(12) lM K A.HU ItI'l.MUNT Of TifU MlX’HANfCAIi 

Viscosity. —In a research carried out nt Llio 
National Physical Laboratory in 11)1 l, 1 the 
characteristics of tho mechanical viscosity 
of a fluid as affected by tho speed and the 
dimensions of tho channel in which the flow 
took ] ilaoo wo.ro investigated. Tlio fluid 
used was air, which was forced through 
cylindrical pipes at spends above the critical, 
and tho distribution of moan velocity was deter¬ 
mined by means of a Pilot and static pressuro- 
tuho device of tho kind described above. In 
order to simplify tho investigation it was 
desirable that tho resistance to flow should 
vary exactly as tho square of tho velocity of 
How, in which ease, as mentioned above, tho 
motion would he entirely independent of tho 
physical viscosity of the fluid. This condition 
was scoured by a euitablo roughening of tho 
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internal surface of tho brass pipes used for 
tho experiments. 

Tho distribution of moan axial speed norms 
tho section of tho pipe was then measured, and 
a typical curve of distribution is shown in 
Fit/. 7. It will lio seen tlmt tho distribution 
of moan axial velocity in tho onso of tho turbu¬ 
lent motion is approximately parabolic from 
tho axis up to a comparatively short distance 
from the walls, i.e. tho equation to this part 
of tho velocity ourvo can bo writton 

»=v,-Ar 3 , . . . (1) 

whore v c is tho velocity nt tho axis, r is tho 
radius at which v is measured, and A is a 
constant. 

It was also found that for any section of 
tho pipe tho static pressure of tho fluid 
was constant for all values of tho radius, so 
that for -any cylinder of fluid of radius r 
between any two sections distant l apart the 

1 Stanton, Proc. Ron. Soc. A, Ixxxv, 


shearing stress on tho miter surf nee 
lio given by 


or 


/2ttj7 -- (/*, - i> 2 )xr~ 

' r .Jv i-lk)?, 


would 


( 2 ) 


where {;», - is the fall of static pressure) 
between the two sections, am! / tho intensity 
of shearing stress. The shearing stress in tlio 
fluid is there fore proportional to tlio radius. 

But from (1) it is seen that 


so that the relation becomes 

(2h - ~ - 2/t'A. 

.lienee fi'< which is the mechanical viscosity, 
is constant across tlio pipe up to within a 
relatively small distance from tho boundary. 

Tho next atop in tho investigation was to 
dotormino tlio dependence of /<' on the rate 
of flow through tho pipe. .By taking a HOrica 
of distributions of axial velocity at different 
rales of flow and plotting the values of v/"o 0,1 
a radius base, it was found that all the points 
lay an tho sumo curve, indicating that ill 
equation (l) 1 - (A/»* 0 ).r a the value of 

A/vvhh constant, i.e.. (lint A was proportional 
to the speed at the axis, and therefom that 
tho value of (ti’/ih■ for any radius was aim ply 
proportional In the velocity of (low. If follnwH 
that, since the shearing stress is proportional 
to the square of the speed of flow, /c' must Im 
proportional to the first power of the speed. 

Finally, a mirles of cxporhmmts were niado 
with the object of determining the olfoot of 
tho dimensions of the channels on the meehuni- 
oal viseosity. For this purpose two pipes of 
radii u„ it ., were prepared, in which the surfuee 
roughnesses were geometrically niinilur, ho 
that the intensify of the surfuee frictions wan 
exactly proportional to the squares of tho 
fipeeds of flow. On riotorininiug tlte velocity 
distrilmtions in these pipes, ami plotting tlio 
values of ?>/(>„ on a huso of r/u, whoro “ « ” in 
tlio outside radius of tho pijio, it was found 
that all tho points fell oil tho sumo curve, 
whoso equation was 


where k was a constant. 

Now, if f ,2 aro the values of Uui 
nurfacc frictioiis in the two pipes, and/,, / a tlio 
values of the internal fluid friction at eomi- 
8ponding radii r t and r s , 


f*i _.*i a 

/»2 **C2“ 


ami 


.r.i 
11 1 


L 

Jfi 




wo have thcroforo 

Jx...Voi* 1 ' i«a_ V( , ty Wr )i^hi'2 y ci>T t «p° 

/» HiWv/iir)^ «, 3 ' p a n 2v, »r 9 

or /*/ ^*>1 •««, 


voi,. i 


x 
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(j„-3) is Uio height through which tho nir 
litis moved si lieu tho last mixture louk place. 

Tho average value of w'(z n -z) nail be 
expressed in I,bo form !,(tod), where d is the 
average height through which an eddy moves 
before mixing with its surroundings and w' 
roughly represents Uio average vorlionl velu- 
itily in places where m' is pesillvo. 

Tho movement of tho air on the earth’s 
Hurfaeo ns affected by tho eddy viscosity may 
he investigated as follows. 

As before, assuming the air ioetimpressible, 
the equations of motion (see |i. JMfi) may be 
written 


/\ /' 




Die 1 dp p' 

™ =/ -pS V"' 

with the usual notation. 

Assiimn a eoustant pressure gradient U 
anting in the direction of >/. Tho remaining 
forces are gmvitv and those duo to the earth’s 
rotation. 

lienee X-~ -2w»sin X\ 

Y ' 2 mii sin A |, . . (2) 

55--f/ > 

where w is the angular veineity of the earth’s 
rotation and X is the latitude, and 

p •- k - i/pz (in, wliere constant. 

Assuming tho motion to ho horizontal, equa¬ 
tions (1) lieeome 

0 -- - 2uw sin X -I- — . l \ ”, . . (3) 


p' dhi 
' p ' <fc a ’ ’ 

0 , pf tl*v 

TV» 


0~ - 2«u sin X - — + ■ ■ ,~\y . (4) 

Eliminating n wo have 

y? + 4]l-*»s0, wlioro 2U a = 2wp ~, (i?) 
uz' p 

or v — A a e”sin .Ha- 1 -A 4 e“ Jiz cos llz, ((1) 

or substituting in (4) 

M---A a c"‘ J, 'oos Ik-A,,c*~• 1Jar sin Ik-t-g^/jjr (?) 
At gmnt heights, therefore, v 0 and 

o _ a 

1i ~2//ii 1 '~2ai/> sin X’ ' ' 1 ‘ 

t.e. u is independent of pf and is tho vnluo of 
the velocity enlonlatcd from the pressure dis¬ 
tribution, and is called tho gradient velocity. 

The values of A a and A.! are found ns 
follows: 

Assuming that at the surface 
ilij/dzV 
dv/dz v 


Ibis fieoomes by substitution from the above 
relations 

/ Ajj -I- A a A., -l-(( !/'Vll 2 ) A a -l C? (1 

~ \A.j- A,j ”..A, * A, 

where Q ( j is the gnulient veineity, 

Again, if the wind at I he surface tie (lev in ted 
through an angle a from the gradient wind 
in such a way that if one stands facing the 
surface wind the gnulient wind will he coming 
from the right if a lie positive. Thun 

"""■ (»).. „ A,\' 

and wo have 

. - lau «(I I tan a).. ^ 

A »“‘' I -|- tan 3 « 1 " | 

. - tan «{l - tau «.) .. I' 

A ‘“ I t tail 0 « • vo - 1 

Now the surface wind 

Q. ™ - 

- n/V -I (A 3 I- %)» 

T= r Y'■■■ \4im 9 «( 1 -1011 «) 3 l-( I - tau a) 15 

1 I-lain 9 a 

or Q« : 'Q,i(<-os «- sin «). . (11) 

This relation has been verified l>y direct 
observations made by mentis of pilot bnllonim 
on Kulishury Plain by Mr. (I. M. H. Dobson, 
Again, if ! I , be tho height at which Him 
direction of the wind coincides wilh Mini id 
tho gradient wind, putting a:■ 0 wn liave. 

A a sin 1111, I A 4 eoH lllf|sO 

or tim HU, 

and Huhstitutlng for A a and A 4 

la " (■‘••D- (iai 

.Since ft is positive and less Mum 7r/ f, the small,'Hi 
positive value of H, is given by Jill j ---fljr/'J I u. 

The height ll 3 at which the wind velocity 
first becomes equal to the gradient velocity 
is given by «*+ a 0 «»,• 

/—HU -J 1 I taini)cosJlll a ~(l~lnii a)siibllll u 
tan n 

(DO 

Tho relation between ni7T a , Hllj, 1 f a /.l 1 a , and a 
aro givon in the following table: 


a°, 

im,. 

im,. 

II, 

0 

■78 

2-:*n 

' H-n 

10 

•01 

2-r,:i 

2-8 

20 

1*01 

2-70 

2*11 

;io 

1-20 

2-88 

2-1 

<15 • 

Ml 

Il-ifi 

n.o 


Mr. Dobson gives HIM) mctrcs/IIOl) lneteou 
= 2-0(1 ns tho observed value of J [I., for 







356 


FRICTION 


a—20°, which is in very close agreement witli 
the above ealenlalinn. 

Further, assuming a value for a of 20°, we 
haw from the above table fill, —2'7, and .sub¬ 
stituting in tlio relation 


b=./ 


V 


top sin \ 
p' ’ 
wsill a 
2*7* * * 


(14) 


Putting w=04)00073 and \ = 50° N., wo have 
for the South of England 

—=H. 8 x0‘77 x 10"*. 

P 

Taking the values of H, from Sir. Dobson’s 
paper, wo obtain the following table : 


Wind. 


■Strong . 
Moderate 
Light . 


11, in Metres. 


900 

800 

000 


02 x 10 3 
GOxlO 3 
28xl0 3 


will puss into the other was devised by OkIhimH' 
Reynolds in 1833. * in these ox'imi-iim-nf h 
a straight tube of glass 5 feet long and pro¬ 
vided with a trumpet nioulhpiooo was n| u< . ( . f | 
in a water tank (i feet long, 13 jm*Iic. H 
and 18 inches broad in the mminor »\ 
in Fig. 8, and provided with a 8top f . ot >|. 
regulate the rate of flow of the wider tlm» m rh 
it. A small- reservoir of eoloured wulor 
placed, above the tank with an outlet i„t„ t\ u . 
tank in sueli a position that a Htrorun of 
ooloured water could ho delivered at lt V(>ry 
slow speed a few inches in front of the tnimnH 
mouthpiece, with the result that a sfcrnnk of ho 
colour could bo drawn into tlio pipe 
flow through it took place. Tho f|„ w - Clf 
codur was rogiilulod hy a clip on the j m ri„- 
rubher pjpn oonneotion. It was found 1F IM 1 
Ayhen the cock was slightly opened an, I n 
streak of colour allowed to cider tlio pipe wif h 
tlio water, no mixture of the two flnkht tunic 
place, the streak exhibiting itself ns a, 


II. Tiie Nature op tup. Motion op Fluids 
over Solid Surfaces tangential to 
the Direction of Flow and tiie Char¬ 
acteristics of the Frictional Forces 
consequent on the Motion 

§ (14) Resistance to Motion over a Solid 
Boundary. —The relations between tlio resist¬ 
ance encountered by a solid body moving 
through a fluid in which it is completely 
immersed, or by a fluid in moving over n 
fixed solid surface, can ho broadly divided 
into two classes, Tlio resistanco is either 
proportional simply to tlio relative speed of 
surfaco and fluid, or it is proportional to a 
power of the relative speed which is in the 
neighbourhood of 2. 

(i.) The Critical Velocity, Osborne Reynolds' 
Law.—It is found that these two classes of 
resistanco correspond to two doflnito states 
of internal motion of tlio fluid. When tlio 
elements of the fluid follow one another along 
hues of motion which lead in tlio most direct 
manner to their destination, the resistnneo 
is proportional to the relative velocity simply 
V 1,0,1 the particles of the fluid eddy about in 

sinuous paths tho most indirect possiblo, 

i.e. the fluid is m turbulent motion, tho resist¬ 
ance varies nearly as the square of tho spued. 

0 ? SP ? r f nCy . ° f moat fluWa wonders it 
difhcult to determine when a fluid is in steady 

01 tlU ' bl,lonfc Thus in the ease of water 

passing through a glass tubo it is quite im¬ 
possible by visual examination of tho flow to 

,s1aHn"°r hiCh th ° *"» ^«*s * motion 
is taking place. A simple method of donion- 

u (fofthel natl ' m ,notion o£ flHids 

und of the manner in which one state of motion 



hand parallel to tho axis of (.|,o pip,,. Ah 
the ^ discharge code was gradually onoii«.<l 
further it was ohsorvod that for some dofh,it., 
value of the velocity of flow, which wan ulwn-VH 
tlio sanio for tho samo temperature of tin, 
wafer, tho whole of tho colour hand oxtoiidJniz 
downstream from a point at some dial, 
imm tho mouthpieeo would suddenly hnmk 
up uiul mix with tho surrounding water, ho 
that this part of the tubo became full of a mihhm 
of coloured water. By further iuoromdng tin, 
pate of flow tho point at which Mu, break- 
down occurred moved bade towards 11,„ 
mmithpieuo, hut it was not found possible, 
by increasing tho flow to tho great,,,t extent 
possiblo to cause tho break-up of tlio stream 
to tftko place at tlio mouthpiece. Thu signifi¬ 
cance of this ofloefc will ho referred to Intnr. 

As regards tlio conditions which dotorminod 
the break-up of tho steady motion, it was 
ohsorvod by- Reynolds, from an examination 
of the equations of motion of the fluid, that if 
the motion ho supposed to depend on a single 
velocity parameter U, say tho mean velocity 
along tlio tube, and on a singlo linear pum- 
metor c say the radius of the tubo, then 
tho accelerations would ho expressed in toniiB 
' m one of which U 8 /c« is a factor 

and m tho other /dJ/po* is a factor. Tlio 
1 Phil. Trans. Hoy. ,S'»c., ]8 P;i, 
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relative values of these terms depend <m the 
value of the ratio cpUjp, and it would appear, 
therefore, that if the eddies were due to one 
particular cause the birth of the eddies would 
coincide with some particular value of this 
ratio. 

To test the accuracy of this conclusion, a 
largo mint her of observations were made in 
tho apparatus shown in Fig. 8 to determine 
t.lio value of tho velocity at which tho steady 
motion broke down in pipes of different 
diameters. 

For the purpose of obtaining the effect of a 
variation in tho value of p, the temperature 
of tho water in fclto tank was varied between 
tho vulucs 5° C. and 22° C. 

Tho results of the experiments fully corro¬ 
borated tho conclusions drawn from tho equa¬ 
tions of motion, tho law of tho critical point 
being given by tho equation vylpjp — 300, 
whore v c is tho critical velocity of flow, i.e. 
tho discharge per unit of time divided by tho 
area of tho pipe; d is the diameter of tho 
pipo, and p and p tho viscosity and density of 
tho fluid, nil measured in some self-consistent 
system of units, 

(ii.) Effect of the Boundary .—It was noticed, 
however, that tho critical velocity was much 
higher than had been expected in pipes of 
tho sizes used, since resistances varying as 
tho square of tho velocity had been found 
at much smaller velocities than those at which 
tho eddios appeared in tho tank experiment. 
Further, it was observed that tho critical 
velocity was very sensitive to disturbance 
of tho water before entering the tubes, and 
it was only by the greatest caro ns to tho 
uniformity of temperature of tho tank and 
stillness of the wator that consistent results 
wore obtained. This showed that tho stoady 
motion was unstable for largo disturbances 
long before tho critical velocity was reached. 
As it appeared probable that tho oauso of 
this phenomenon was dependent on the 
boundary condition, tho following experiment 
to show "tho effect on tho motion of an elimina¬ 
tion of tho solid boundaries was dovised. A 
glass tube 5 feet long and 1-2 inch in dia¬ 
meter, having its ends slightly bent up ns 
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shown in Fig, 9, was half filled with bisulphide 
of carbon and then filled up with water and 
both ends corked. Tho bisulphide was 
chosen as being a limpid liquid but little 
heavier than water and completely insolublo, 
so that tho surface between the two liquids 
could be clearly distinguished. Wlion tho 
tube was horizontal the surface of separation 
oxtended along tho axis of the tube. On 


one end of the tube being slightly raised tho 
water would flow to the upper end and the 
bisulphide to the other, causing opposite cur¬ 
rents along tho upper and lower halves uf the 
tube. It was found that when one end of tho 
tube was raised quickly by a certain definite 
amount, waves showed themselves at the 
surface of separation which presented the 
appearance of wind waves. Further, it was 
noticed that after the expiration of some days 
a skin formed slowly between' the bisulphide 
and tho water, and that when this was formed 
a repetition of the tilt did not result in the 
formation of tho waves but in tho production 
of eddies, below and above the surface of 
separation. It would appear, therefore, that 
there is a critical velocity independent of the 
boundary action, and that the introduction of 
a boundary condition alters materially tho 
nature of the motion. This conclusion was 
confirmed by observing tho effect of tho 
wind on a surface of water calmed by oil 
drops. It was noticed that as the sheet of 
oil on tho surface of the water drifted before 
tho wind, there was distinct evidence of 
eddios in tho water below tho oil at some 
distance from the windward edge, but that 
without oil there was no indication of eddies, 
thus indicating that tho boundary condition 
introduced by the oil was tho cause, of the 
eddies, There appeared, therefore, to lie no 
doubt that tho break-down of the stoady motion 
in tho straight pipes was duo to eddies thrown 
off from tho solid boundary, and that, conse¬ 
quently, eddies produced by any other cause 
such as a disturbance in the water would also 
tond to bring about tho same result. Further, 
it follows that there must bo another critical 
volocity which would bo tho volucity nt which 
previously existing eddies would dio out and 
the motion bccomo stoady. It was decided 
by Iloynolds to tost this conclusion by allowing 
water in a high stato of disturbance to enter 
a tubo and observing tho motion at a distance 
from tho inlet considered sufficient for tho 
eddios to have died out if at all. 

Obviously tho colour hand method was 
useless for the purpose of Bottling this question, 
ns tho effect of adding colour to a mass of 
water in turbulent motion was to render tho 
whole of it uniform in colour. It was decided 
finally to investigate tho changes in frictional 
resistance with speed, ns it was thought that 
tho speed at which the law of resistance 
changed from that of the square to that of the 
first power of the speed might bo sufficiently 
well marked to define a critical speed. For 
this purposo lead tubes of about 10 feet in 
length and n half-inch and a quarter-inch 
diameter wore connected to a supply of water 
in such a way that the wator entered the 
tubes in a high state of turbulence. The last 
5 fcot of the tube was connected to a mano- 
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inotcL* by small pipes lending from two holes, 
ono at each extremity nf the experimental 
length. Thu water flowing from the tubes 
was passed through a special meter, so that, nil 
the data for calculating the speed of flow and 
the frictional resistance wore available. It 
was found that the critical velocity nfc which 
the motion changed from one type "to another 
Avns very clearly marked, both'by tho violent 
disturbance of the water in the manometer 
when the ontioni velocity was readied, and 
also by the marked change of slojie of tho 
curve of resistance of which tho ordinates 
mid absciusao wore tho frictional resistance 
and the speed of the water. 

As was anticipated, tho value of tho critical 
speed thus found was considerably lower than 
that obtained by tho method of colour bands, 
thus indicating that the critical 
speed in the latter ou.se had a 
fictitious valuo, From the fric¬ 
tion experiments it was found 
that tho roul critical speed was 
givon by tho relation 

^= 2000 . 

(iii.) licynoUh’ Index Law ,— 

Reynolds’ method of presenting 
tho results of tho experiments 
was by means of plotting not 
tho observed values of the re¬ 
sistance and speed, but tho 
logarithms of tlieso numbors. 

It was found that when this 
process was carried out for any 
particular pipe the resulting 
mirvo consisted of two straight 
hraiiolics, the lower one corre¬ 
sponding to observations below 
tlio critical being inclined at 
45° and tho upper one at a slope to tho axis 
_ prawnro of n to 1. These curves are shown 
ill Fi(j. 10 for the case of the two lend pipes 
used, 

It was evident, therefore, that tho law of 
resistance for speeds about tho critical was 
nob, ns had boon supposed, of the form 


value of v is always given by = and 
li c horn tho streamline theory is known to ho 
equal to ■\uv c jd, we have, by substitution, 

R ptl a _ fvdp\ " 

a lc~\kn) * 

ft rotation which, according as » = l or n 
value in tho neighbourhood of 2 depending 
on tho nature of the surface of the pj po 
expresses tho law of resistance for all sizes 
of pipe and conditions of How of the fluid 
Tho oxporimcnls of Reynolds on which these 
conclusions are based wore carried out in 
smooth lend pipes of ] -27 and (Mi2 cm. 
diamotor, and through a speed range, of from 
d to 700 cm. per second for the i-27 cm. 
pipe, and from 7 to 4(H) cm. per second for the 
(Mi2 cm, pipe. Further, a careful examination 
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of Durey’s very extonsivo experiments on wator 
d"'vmg m pi],os ranging from 1-2 om. to 50 cm. 
in diameter did not show any systematic, 
deviation whatever from the general relation 
hud down, and with very few exceptions the 
agreement with tho Reynolds formula was 
within 2 or ;) ]Ki r cent. 


R=A» 9 + 'lit,, 
but of tho form R=CV. 

It will bo seen later that this relation, 
known ns tlio index law of resistance, is only 
approximate, but over tho range covered by 
Reynolds’ experiments its aoouraoy is fairly 
high. ‘ J 

A general law of resistance for pipes of all 
dimensions and rates of /low was obtained by 
Reynolds ns follows. From tho logarithmic, 
plotting it appeared that R/R.«(*/*.„)« wlmro 
mid R aro tho frictional resistances per 
unit area at tho oritieal velocity and above i 
it. But since by Reynolds’ discovery tho j 


IU. Till) DKTBHMINATrON 11Y TTlHOHY AND 
JbXl’BKIMENT Off T1IB FkIOTIONAI, Resist- 
ANOB Off .SuUffAOKS TO TUB MOTION Off 
Fr.ums ovhii Them 

§ (15) Resistanom to Motion of a Solid. 
the analytical investigation of tho resistance 
encountered by a solid moving through a fluid 
is one of considerable difficulty. In tho early 
study of tho problem, in order to simplify the 
treatment, the fluid was assumed Motionless. 
As this method led to tho conclusion that tlio 
resistance was nil, in order to obtain results 
moro m agreoment with tlio known facts it 
was assumed that a. surface of discontinuity 
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dsi-itril 'll Hi'' llni'l w li<»;ii’ Innni»lui it ■) imi 
ni:t( i'cI I'iivtlv "I lisi'l |>In11«< w ii ll;i ami jmiMy 
nl' imvliii>f rt’iial mil In 11 1in 

M'iiV 11 ' 1 ' i I'.il 'f nii''i’ nl u I'liini' liimiiin in a 
lllli'l, ini'liliril In 1 I"' i llri'i'l inn nl linW, UIII 
nl)l aim’ll l*.v l."i'il I v 11 v I' • i j' i i 1 in llu 1 ham 
I!- j«.\ *’( i» nlli ii/l i ii "ill"!. wlwi«> V in tlm 
vi'lni'ity nl ll"W ini'l ■' Hi" inifil" will'll Hi" 
In111iint rimUi'>t wit It 11 n< iliiivlinu nl llt>\v. In 
thin "N|in'.Til"ii 1 lie vaiinlinn lli" iiiiinlimi" 
wit’ll Ih" i"|iinni nl lli" n|>""il Inin Inin \i-i il'n-iI 
ItV <<\|i"iiiiit'iiI. lull in I'tai'liin lli" vii In*' "f 
Ih" nmni'i ii’iil fii"ti>r in iiimlilifil hy Mm 
"\i;i 1 "li"" "1 a “ iini’linn " nl ill" i'■'»*' "1 lli" 
lamina, wliii’h i cut li'i n I lu< mi l"i«InI t il valii" 
Inn r'llinll. IW'nailly nlal"il, III" |"«.'iIi<>ll aa 
ii’jf.anlri Ilm |i<m.'ilailily "I nnlviin? |tinhl"iiin In 
lluitl i "Mini fill"" hy Ih" iii'l "I Hint I1<<111<1I i'-ri I 
anitl.Vai'i ii t Iin I "a ."ii In whi"li Ih" iiinl i"ii 
uf lli" llni'l ia " nl nn ly " i'li"iiialin" in 
"lmra"l"r nl" ann-niil'li' t" mill Iwinal inal 
li"utnn'iM, lull I liiil rnui 1 nf Ini Imli'iil nmlinii 
am ini l aulnl'l". In nunno II" aimlyMvnl nii'Mimi 
nf ||"aliit|; III" nmlInn nf a (Ini'l w 1 »l' l» »■*•imli't•» 
nf u inaii'i nl rihlltM him V"l I" i n I'VnUnl. 
Mini'n in (inmHi’ally nl! "ii'n-i "t inijm) I mu " 
Ml" Iiinl lull In Mi" lmi)r||h"ltlli"Mii "I ih" i'"lhl 
mu liii'l' in I ni hllli'Ul in "liiilii" 1 "l. "11" l.nnwli ilj'" 
iif III" 1 imiiil mi"" I" Ih" ill* ■( i"ii "1 imliil I" 

I III 1 ' Ml|(11 llilhln in lnl|i"!y "in i'll h al. 

1 }()I 1 ) I'mrii'ii'U: in Ih't imum. Mimii. Mi¬ 
ll' V.' ('nnniili'i al'li’ |'i"|'i" > l"i", limmvn, 

lii'cii mail" in Mi" |M"ili"li"ii "I Mi" n-fi-n.m< <--• 
uf mil'll lint 1 '" Innllr 1 an nlii|<n ami nii.'inll In 
Ih" I'nnviiiK "ill nl •'\|n>iiiii"nr<i mi "'ill" 
liinilnla "f Mii'ii" Imm liini in a> > "I'lain" wllh 
III" |nim' 1 1»li<n nf ilynamii'al "imllaiil v, I Inm 

II Inin lii'mi iilmw 11 hy l.ni'l liny h li'li a Ilia! Mu* 
mini lull mill 11 1 till 1 hy Iti'VI U'l'ln (i«| ill" 1 i>"» 
Ilf til" ll "H "f Willi'|' ill lillliilh-l *1)11 nil'll in 
"Illy n |iai Mi'iiln" • iri" "I a |u>i"ial law "( 
Ih" i"i>ln(aiii’" nf Inttlhn "I |:«'"iit»'hi"nll\ 
I'lmilni' »liii|t" Inimi'ini'l in IhiiMn iiii'Uhi; 
ivliMiV"ly •" Ilii'iii• lunli'i' tin* jni»nn»|ili"ii 
Mint. Ililn mil>i|mi"" «!"|i"in 1 a "illy "ii Ih" lltmm 
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under the given conditions of similarity 
U=»k, V = ii r , \ V = nw , 

it will he seen Hint mulliplying (I) hy u a /<j (ho 
required transformation is clfcctcd if the changes 
in the scales of length, time, and pressure) nro 

x= V r * t = 5'- l, -*v ■ • <») 

It follows, therefore, from the linear senlo relation, 
that if !, L are eorresjKimling dimensions of two 
lubes in which fluids of densities />,, /),,, and kinematic 
viscosities r 2 , are flowing in order that tho two 
motions may be similar, L=(r 2 r//e 1 V), i.c. VL/r, uniat 
hnvo tho same value for each. Again, from the 
pressure sunk) relation it follows that for similar 


widest tango in fcho velocities of flow, fix' 
linear dimensions of tho suifaeo* and Uin 
nature of (.ho fluids uhlhI „s ""eon LI 
obtained. 

The most eimvcniont method of sontiring 
these conditions, both as regard h mnfio in 
the value »f tho above eliameto,iHtioH and 
ucoumoy in the measurements of the: velnidt.y 
of ll.nv of tho fluid and the frictional foruuH 
consequent upon it, was obviously that 
previously adopted l,y Reynolds, ooiinmlmg 
in experiments on tho flow through immllid 
japes of eirouhvr eross-Hention. 

Adopting this method of working a very 
oomj.lete series of experiments wore oivrrinil 



—i— _ i _:_i 

4 0 Log 4,5 s-o 

Ida. 11. 


niohon the value of I>/pV- is the sumo for each 
IJmd. I 10 investigation „f llolmlmlt/. loads, tlmro- 
lore, to the same condition for similarity of motion 
aa tlmt deduced from the dimension motliod of Lord 
Itayloigli. ft has been iiointed out by Sir (Jeorgo 
CIreenhill Hint the interpretation of Proposition 32, 
booh u„ a. Newton’s Ihrimipia loads to tho sanio 
conditions, 

§ (17) ExPEIUMKNTAI, VKltlLWATfON OP Till) 
RAYtioiair Fon.Mur.A.— An extensive scries of 
investigations were earned nut at the National 
i-liysieni Laboratory 1 during the years 1010- 
* to test the acouraoy of the assumptions 
on which the Rayleigh resistance formula is 
. °7. J ,10S , 0 experiments consisted of deter- 

frioHm, 0nS f ?, f m Iw intomii y of the surface 
simS offl'uds moving over gcometrioally 
similar solid surfaces, so ns to inoludo tho 

1 Phu - Frans. Hoy. Soe. A, ccxlv. 


nut with air, water, and thick oils ns (ho 
Jlmds and with velocities of flow ranging from 
■>(> to (1000 cm. per second. For nouiimUs 
comparison, ns pointed out by Lord Rayleigh, 
tho surfaces of the tuhcH should have Leon 
precisely geometrically similar »» regnrdH 
surface rough ness, hut ns this condition could 
not lie fulfilled tlio experiments worn nil 
made on commercially smooth - drawn brass 
tuhos. From the general agreement of tho 
results obtained with different pipes it was 
not apparent that slight irregularities in this 
respect had any marked effect on tho resin t an 00 . 
the velocity of flow was in all eases tnlcon to bo 
tho mean velocity across tho section of tho 
pipe. In the ease of tho pipes of mnnll 
< lame tor this was most conveniently estimated 
>y passing tho whole of tlio discharge through 
a motor and inoasm'ing tlio rate oyor n given 
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time. This method 
of procedure) was not 
possi Iile for the largo 
pipes, ami in these 
eases the value! of the 
velocity nf the axis of 
the pipe was measured 
by moans of a Pitot 
tube am) thou multi¬ 
plied by tin; ratio of 
tin; mean speed to the 
maximum speed. As 
this ratio was not 
constant for (Ulloreut 
speeds and dimensions 
of pipe, it was neces¬ 
sary to carry out a 
special investigation 
on llio law of its 
variation. This was 
done for the largo 
pipes by fitting tho 
Pitot tube with a 
micromotor head so 
that it could he tra¬ 
versed across tho pipe, 
and a series of observa¬ 
tions mudo of tlio 
velocity at dilftuont 
distances from tlio 
axis. The value of 
tlio ratio was thon 
found by plotting and 
moohanioul integration 
in the usual way. 

Tho values of tho 
ratio and its varia¬ 
tion with tlio valuo of 
Vu.nx A! v ure shown in 
Fii), ’ll, wlmro V limx . is 
tho velocity at tlio 
axis. It will ho soon 
that for low values 
of V, mx Al v the varia¬ 
tion is considerable, 
but that when V )ll , ix .d/i' 
exceeds 100,000 it be¬ 
comes small. 

In all eases tho 
value of tlio surface 
friction was calculated 
from the pressure drop 
along tho pipo be¬ 
tween two sections 
sulfioiontly far re¬ 
moved from tlio inlet 
of the pipo for the 
velocity distribution 
tioross tho pipo to 
have become uniform. 
Tho value of tho press¬ 
ure drop was, in the 
groat majority of oases, 



1 




3-3 5-4 3-5 3-6 3-7 3-8 3-9 4-0 4-1 4-2 43 4-4 4-5 4-6 4-7 




302 


FRICTION 


measured by connecting two holes in the wall 
of tin; pipe, one at cadi .section, with a tilting 
manometer of the Challoelc type, by means 
of which pressure differences as low as ono- 
thousandth of an inch of water can he nccur- 
a,e Lv measured. For tlie experiments with 
wafer flowing through small pipes at speeds 
from 5000 to (1000 cm. per second, where the 
pressure drop to be measured was of the order 
of m) lbs. per sq. in., specially calibrated 
Bourdon gauges wore employed. These tests 
gave tlio highest value of vdjv obtained in the 
experiments—430,000—and the frictional re¬ 
sistance was ns high as 18 grammes per square 
centimetre. The whole of the results are 
shown plotted in Fig, 12, in wliieh the ordinates 
are the values of ll/pv 2 , and tlio ahsoissao 
the corresponding values of vdjv, wliero R is 
the surface friction per unit area, p tlio density 
of tlio fluid, and v the moan velocity of flow. 


experiments ahovo (lie critical speed, ^ 
from (iv//j>)--- 2500 to (w//i») -170,0(10, w illt 
exception of a fow individual delerminn (.j, >l6 n 
duo possibly to orniiu of observation, f.j lo 
variation of R//»» a for either fluid in any <«f ( |, <5 
live pipes from its moan value dons not. oxcr w .[| 
2-0 per cent, so that (lie ueoimioy of tlio 
assumptions in (lie derivation uf (Ins l{ny| l> j,,|, 
law of resistiinen is fully demonstrati'd. * 

Tlioro remained the eornpariHoii on tlio Kivrvm 
basis of the results of previous o.\-]>orim«*ii| 
on tlio flow of fluids in pipes with Miohci tl |,. 
tinned at tho National JTiysioul i jiln.ml, >i-y. 
3'bese included the very elaborate invont-iujJ 
tions of .Darcy 1 on IIin water mains of l’urj H 
a very oompleto series of (ests on Mio f| 0 „J 
of water through drawn brans (nhrs hy N )L r jJ ( 
and Sehoder, 3 and Hie resulfs „f resmr»|| ( .s 
by Brix 3 and Stooknlpor 1 mi the lluiv i»f n jj. 
through lend and iron tubes. 


Comparison of results with those of previous experiments 
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tin) ohnrnotor i>f the curve) and (ho position 
of the critical point.. The most satisfactory 
ooliiparison, however, in possible with Sup'll 
mid iSehodur'fl results, sineo the nature of the 
.surfaces in the two researches wan probably 
idontieal. It will he seen that the two ourves 
are nearly eoineident throughout the wholo 
range of the experiments, and indiealo a very 
satisfactory agreement ho tween the madia of 
tho two researches. (for the comparison in 
tlto ease of air flow tho amount of experimental 
data available wan not large, and thoro are 
some discrepancies which are diflieult to ac¬ 
count for. These, however, are eon lined to 
one series of observations on a small pipe 
and may he due to an iimcouraey in tlio 
determination of its diameter. For the huger 
japes the agreement is fair. 

It lias been shown by Dr. 0. II. Lees 1 that tho 
relation between It//»n a and nl/v litiliciilci] by (lie 
curve in Fig. 12 may lie expressed nlgohraionlly in 
the form 

r \o.3f. mm 

or It-/.I 0-071)5 ( J r -KMKMH)«r» . 

It may lie remarked from the linn! expression for 
It written above, Unit the frlolioiml resislanoo will 
for all velocities 1m approximately proporlimm) In a 
power of tho velocity between tho I -(Kith and t he 
2nd, and that as the speed and diameter iiioremie or 
the kinomiitio viscosity decrenscs the law of variation 
of the friction will appmxlnmln mom and inure 
closely lo that of the «i|iiurc of (lie njieed. This Is 
in agreement with the experimental results obtained 
in tho l *2U-oni. pipe referred lo a hove, it is shown 
by I .cos (lint if for any reason a single power formula 
for (ho frlolioiml resiatanee is desired the most 
ucounito value of n in tho formula 

IWW» 

is given by 

»- 2 ~ 2 l)' 7 /{«r, |. ('It) M, J. 

It is also evident I list ns the resistaneo heoomes 
nmro and more proportional to (liompiitro of UniHjieed, 
duo to inorease of the diameter or velocity, thenlfeot of 
change of temperature heiioines less important, trims 
it lias been observed by Maw for water that when die 
resistaneo varies as the I-Kill power of the H]K'ed it 
decreases 0-0 per cent per degree centigrade, and 
•Thou the leslHtiimio varies ns the I-Dlli power it only 
Icorenses 0-25 per cent per degree. 

§ (.1.8) Tu t: Aoouiiaov of Tin: In dux Law.— 
flic determination in these experiments of tho 
1 ’ic‘tional resistaneo of a I *2511-0111. pipe when 
ho volocity ranged from 22 uni. per second, 
lorrcaponding to (ho first ooininoneomont of 
icltlying motion, to UlfiO cm. per second, made 
inssiblo a ohoolc, within theso limits, of tho 
•aouracy of tho well-known index law of 
esmtanec duo to lteynohls mul Fronde, 

' Vrac. JUS’., 10M, A, xcl. 


° 10 ,ODD 

a 


t 10,000 


Comparison uf index I.nw / 
with <f 

L Ol.sorvcil Friction 


Tho results for llm j -2f>5 - em, pipe, were 
taken, and according (o Beynolds' mcthml 
Hie logarithins of the friction and velocity 
from w—40 to v=!00 cm, per second were 
carefully plotted. Tho jaunts so obtained 
were found lo ho on a straight line whoso 
slope was 1-72 lo 1. Assuming a law of 
resistance It —On" where n had this value, G 
was determined from tho low speed observa¬ 
tions used for tho evaluation of «, and a series 
of values of B woro calculated up to a speed 
of 3200 om. 

cso.ooo 

per second. v 
Blotting theso 
mile u luted 
values and 
those actually 
obtained in 
tho ex peri- 
meats, tho two 
curves in Fig. 

M woro ob¬ 
tained, from 
which it will lie 
seen that by 
the uho of tho 
index law the 
resistance is 
underestimated h.y f. |>or cent at 1000 om. per 
Hoeond, by 8-5 jmreent at 20(H) cm. per kccoihI, 
and by 10 per cent at 3000 cm. per second. 

In order lo show tho manner of variation of 
« throughout tho whole range of velocities 
obtained, (ho values of n were taken out by 
tho Boy colds method at four diiVerenl, stages 
and wore found to he : 



0 ,0(10 2000 oooo 

Velooltu In CantlmttrOS por svcoml 
Flaw 0 / I Vi i(o, In /V/ie 
I-2SS Contlmtut Dianialar 
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Velocity per mo, (cm.) . . 158 2/58 1)00 22/50 
Value of»from plotting . 1*72 177 1-82 Mi2 

.Similar resiillH, showing a gradual increase 
in the value of n as the velocity of llmv in¬ 
creased, were obtained by tho reduction of 
the observations for tho 0-712 and 1-2/ifi om. 
pipes, and it was, therefore, fully demon¬ 
strated Hint mi index law for surface friction 
cannot lie devised which will express tho 
facts with high accuracy, except over a com- 
parntivoly small range in the valuo of viljv, 
Tho importance of a realisation of this fact 
when predicting the skin friction of huge 
bodies moving in fluids from observations 
on small-scale models of them in the sumo 
fluid will bo obvious. 

§(10) Tin: lixi'niUHKNTAi. IIutkhmination 
OF TIIH FllKJTCONAr. BkHIHTANOB OF TlllN 
Pi.ATKN. (i.) Frouilr’a Fxfip.rime.Hl8 .—As »«■«- 
vimisly mentioned /K ,1 “" *' “ 

frictional resiHlar 
j)lpes, ]dotted ii 
to oases in \vb 
at a given - 1! 
constant ( 

'.I’hoy are, 
prediction 
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surface whieli includes that part of it over 
which the particles c>f fluid nre being gradually 
retarded i.e. the part in the neighbourhood 
of the leading edge of the surface such as, 
for example, tho immersed surface of a. ahip. 
For the prediction of the shin friction of 
ships special experiments are necessary, and 
a largo series of very important observations 

Recording pvt | 

Drum \ 


listancc t n 1 ^ yl tgh, and 

ecord of ' vaJs on 

y means t>f 1 *'* tr i« dock, 

ituig the v * k '*| of resist- 



fi<» that tlie abscissa of tiio 
portionnl to the distance 
from a second ret 
tho paper made by ........... , 

the data for calculating the* “H 1 
anco with speed aro availaf>j 
In this way a series of ^‘ _ 0 -voloofty 

curves (hi/. ](>) was obtait lCi ,,****»!■:ix* lC? | omr( .i 

of board, and from these * for 2 

length curves (Fig. 17) for ^ r^Uuu-.o 

ho deduced. In the first . 
tho hittor curves did not r 
engin, but alwve it, nhowi^V*** < fl ; 

aneo was not zero for zero * * j 'J t j s Whh 


' **- », f j-o^istanco 

Leonid 

t " c! t ( ,f o*i jc> T 0 , , i ts 

l,,1 S tl, r leHKHfc - 

'“•'-** »«•-» i«'i> zero tor zero h.„„ 

found to bo duo to the W'lnf r * Jt 0 j J(MV 

and stern of tho board. <‘ f ti es o 

hnifo • edges if was found *V**l>*'«f ' 
passed through the origin t r., 


passed tluougli the origin. r 
howevor, that Llio curves vt^ ’ ^ 
hut at nil speeds wore con 0 * 4 ^° 


t' 10 . ]fi, 

Wr. William h’romlo in 
1074-74. hese experiments wore made in 

V " tor « nk , 27B , fcot lo "^ ;m fcot wido at 
1 ? fc 'V„ C °l >t]l ,tf tlll> water being S feet 
■> lnclicH. JI 10 boards of which tho frictional 
rosmtaneo was determined wore about A-inoli 
hide, 10 1 Holies deep, tl.o top edge being 
1J inches below tho surfaeo. TIjo length 
•vnrierl from 1 foot 0 indies to 50 foot, h 
I ho oxporiinnntid apparatus (Fig. ]f>) con . 
sisted of a carriage running on rails fixed to 
the walls of tho taiilc and onpahlo of being 
'Imwn along at a uniform rate. A parallel 
motion Buspomled from the carriage carries 
the board, which is provided with a load Iced 
«;u a out water Tho frictional resistance 
of tho hoard is taken by the spring shown 

SSST m " f nnd tnuiH- 

mtted to a recording drum on which a lino 
is drawn whose distance from tho baso in pro- J 


VV . JVH fomul, 
t, straight 
1,110 huso 
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line, indicating that tho «. ,H «1 not 

vary ns tho length hut at a S" ati This 
result is duo to tho fact that £,*£ ^w t V>iiso? 
the surface down-stream fi- t >r 11 fc { 10 loading 

mferu ri ,,<ftCtA f h T t0t ' 'vH„*o motion 

olftt vo to thorn is loss than i, x f Jt „ 110 j Lr i. 

Sanel "m? “ ,g * a,1<l 1 ^«» ml 

ban Tlu! f r ^' rtl0 " 8 ,s * tlioroforo, loss 
thm. that of tho other portions nearer tl.o 

It was found that for a given t>lnnlc Mm 

fortr 0 V “r ,!,l | aS who, ° » ^v,xh <s< ji*Htnnt 
, .i,ki d ,,Ul ' ll ) 0U ftl ' I)lank > bufc cim’ownt 

f i, T ot .r th ? ion * bJt 

Of tl.o surface. Tho value of «, i« by 


f Iwugth ill feet . 

2 

1 8 

— - 

20 

L—-- 

«, 

/■ 

«. 

/. 

«. 

/. 

Vninish 

I’arnlfin 

Tinfoil . 

Calico . 

Fine sand 

Coarse snud . 

2'00 

I'M 

2 -HI 

1- 03 
24)0 

2 - 00 : 

0 0011 

0-00208 
0-0102 
0*0000 
00110 

1 '85 

1414 
Mill 
1-02 
2*00 
2-00 

O'OO-IO 

O'Ooim 

0'00284 
(>'00754 

O'OOfJ 25 
0'00714 

1*85 

1 •«!! 
1*00 
1-80 

2-0 

2-0 

0-00303 

0*00318 

0-00331 

0-00685 

0-00534 

0-00588 


130 


11 . 


1-83 

1*83 

1-87 

200 


J. 

00037 

OOojlOl 

°-0003f) 


1 \ u l,, o resistance. :i’he drum 

connected by gearing to the oarriuge-wlicols 

'•.iKSist 1872 ' 74 - 8| '" 


the Reynolds method of logaritfa 1 *1 i° 

previously dosoribed. Very »iJl> roxi, »»atelv 

tho results oouhl ho expi'essod by fcl»o 

W»/ 8 »", wlioro S is the area offclio i , 1 Un 01 . Sod 
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miif'i'.K'O and n i.s I,lie upland in feet per second. 
Tlit-yViilm: nf/wiiH found In depend on 

i.* (I) The quality of llm surfiteo. 

jj (“) Tho length <if llm mirfacc. 

{ (If) Tho tempera turn of I,ho water, 
i ('•) Tlm density or t lm water. 

| The valium of n mid J' deduced from tho 
/ curves am given in Tallin I. 

} § INTIMATION OK Tin-: li'uiOTION Of 

; I'liATKS nicom nil-: (.‘jianuus in Momentum on 
\ Til H l l ’l.Uln l‘ASSIN< I tlVi'llt Til MM.---Tlio experi¬ 
mental determination of tlio frii-lional resint- 
imce of tho mirfneea of Mi in plaloa immersed 
(•in a llnid hy means of a direct measurement 
of 11m iiiii>iitibI. of tlio tangential force ox peri - 
cilend hy the plain itself, an in Mm case of 
Froudo'H oxporimoidH, in attended with 0011 - 
iiidnmhlo dilliuiillioH which render any muiumlo 
investigation of Mm mriation of tlm intensity 
of Min rosm twice nlmont impossible, These 
arn duo to tlm aiimllni’HH of Mm hirce to hn 
memmred, tlm diilieulty of obtaining a- thin 
plain of tlm required rigidity, and tlm nimrr- 
tainty of the large norrnulioim whinli have In 
In* made in Inking aimoiinl, of Mm resinluiieea 
of Mm nupporling spindles. Kir thin rniiiion 
considerable aftnntioii has hnnii given to tluv 
possibility of an oatiiinitioii of tlm Iriiitional 
nwmtuiwoN from Mm olmiiges in tlm diameter- 
iHlinii or tlio llnid whinli arn Urn imcmnsinry 
elTcdnof tlm fornnn exerted, i.<\ to tlm olmugra 
of moiimutiini of its molecules. (hn* experi¬ 
mental method of thin nnliiro hint already 
Irnon discussed in aoino dot nil in dracrihiiij' tho 
nmnmoii device for niciieuriiig tlm friolioiud 
resistance of tlm miifiion of a parallel olmmml 
from tlm fall of pivsium* of Mm llnid between 
two /{Ivon points in its axis. Tlm essential 
feature of thin method, however, in tlmt- It’ 
ia only Mm ehangca in millennial' nioiimiitnm, 
or pressure, which im* measured, and that 
Mm molar monmitluni of tlm llnid imbuing and 
leaving tho two Honliniiii {h the name. TIiSh 
nietliod in, blmreforo, inapplicable, mi him 
linen previmmly inontumed, to uny eimo in 
whinli tlm aociekimtiniiH of tlm llnid duo In 
the lirat impingement of tlm utroaniH ngninsL 
tile nelid body Inivo not died nut, mid in, uon- 
HetpienUy, vnluolftflfi for predictions of the 
frietional resistance of air or water craft. 

An extension of tlio method to lake into 
mieount tho changes in molar momentum hail 
recently Imon attempted in nn in veHtigulioii 
of the frietional resistance of thin pinion 
in a eiirroub of air at tlm Nn tie mil Physical 
halmralory, and, as the real ills appear to he 
promising, a brief deseriplion of the manner 
in which tho problem linn boon alliuiked 
and tlie results oliluinod will he given. 

In Fin. 18 lot 0 bo tho loading edge of tlio 
plate, OA the length w lie mo friuthmal roarntmioo 
ia to ho determined, OJ3 mid AD the traces of 


:mn 


plum's through <) mid A porpcridiruliir to llm 
dirocilioii of How of tho air, mid Ml) I hr t i m e 
of a plain* parallel |n (ho plate end at such a 
distance front it- Mini, tlm How idem; 101 > ia 
minlfccdcd hy tlm presence of llm plain. I.el- 
V n he tho velocity of |.|m air impinging on Mu* 
edge of the plate and supposed iinilonii over 

E___ D 


o .—.--- 

I-m. is. 

OlO, and let V lie tlm velocity of the sir in 
■any layer of thick ecus i/.; parallel In llm plain 
and distant x from 0. j.r. in the section A Ik 
Thou, considering the changes of moment inn 
in tin* layer of unit width perpondimiliu' In (lie 
plane of the paper pausing though Mm section 
A!>, wo have 

C-hango in ninlceiilar mmnoiitmn f/i 
when* jt ia the p renal ire at AD. 

I’liniige in molar iiieineiituiii -(minis imsaing 
through Iho extremity of the Inver in AD) 
(Vo V) |gV(V„ V)'| I/.V. 

'i'lmrcfore llm (olid change of iimmciil inn in 
the layer ia 

/M,.W (V ,.V«|d:. . . (I) 

so (hill, if It is tlm mean flietiimul lenislsnee 
!*•')■ unit area mid we eomitder a atrip of l lie 
plain of unit width perpendjculai to the plane 
of flu* paper and x is the distance l)A, *m> Imve 
for tlio frielioiial rcnialsiiee of stiip 

• l ‘ ,t V i pVV„ . (:!) 

Ilcimn if the values of /*„, p, and V 0 V for the 
various hiyers are known (Jin value of llm 
fiietinmd reaislimce can lie detcrmini'd bv 
gra.pldniil integral ion. Now /» ami /<„ arc llm 
slalie presumes of the fluid, and a sepal's In 
dulonnmillion of their values or even of (heir 
ilill'ereiKH* III a mailer of some experimental 
(Ulllciilty, Tin* expression (I) can, however, 
lie thrown lull) a form suitable for experi¬ 
mental evaluation if written an follows: 

xU ! ./ai.I < 7VI A' ,V n“)-^ iV I A/*V 3 ) 

S(V„ V)"} d,:. (It) 

lien* the expreiiaiori {;* I is Mm total 

head of tlm llnid mid is the netted pressure 
which in niniiilallied in a I’ilot t.uln- faring n. 
mirnml of llnid. Tlm ileleriniiialioii of the 
skin frielipn is llierefnro iweu f.u involve the 
iiieiiHiiienietit or the difference in pleasure of 
two Pilot tulies, one placed in MieseeMon Uhl 
and the oilier at various points ia AH sue* 
ecHHively, logetlmr with the variation of Iho 
velocity with distance from the surface nt ihe 
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section Al). As the third term in (2) in 
relatively small, tho accuracy required in tho 
determination of V is not high. 

In the practical application of the above 
formula, it should he noted that one essential 
condition is that the reduction in tho value 
of tlic total head (p+a/'V' 2 ) of tho air puss- 
mg the plate shunld be entirely duo to the 
frictional resistance of the pinto and not 
affected by flic presence of the walls of tho 
wind channel in which the plate is suspended, 
In all experimental determinations, therefore, 
the jilutc should be removed and a measure- 
ment made of the fall, if any, in tho value 
of the total head, by noting the di(Terence in 
the pressures of tho two Pitot tubes. If any 
difference is found to exist, this must be used 
as a correction to tho subsequent readings 
when tho plate is in position. 

In the experiments at tho National Physical 
Laboratory a pair of lino Pitot tubes worn 
attached to tho arm of a rocking-lever in such 
a position that their axes wore in tho same 
straight lino parallel to tho axis of tho plate, 
Tho rooking-lovor was operated by a micro¬ 
meter screw so that the distance of tho Pitot 
tube axis could be sot to any desired position. 

I Ito position of the leading tube was 2 inches 
!" f / 0,1 . fc °_ f tl \° losing odgo of tho pinto and 
that of tho back tube 2 indies bohincl tho 
back odgo of tho plate, 

Readings of the pressuro differences in tho 
tubes and tho difference in pressuro between the 
back tube and tho static pressuro of tho fluid 
at tho back tuho were taken at successive 
intervals of -026 inch from tho surface of 
the plate up to tho distance at which the 
differences m pressure were negligible, i.c. the 
total pressure head of tho air flowing past the 
plate was unaffected by tho presence of 
the plate, I lie differences in the values of 
the t,; nl heads and of fc(V 0 -V)» wore thou 
plotted on n distance base and tho areas of 
“/ C3II ! I « 01 ™ detorinined l,y a piani- 

” VT V S U0M 0f 11,0 integrals 

multiplied by tho Widtii of the pinto b aro 

61 1 111 lal) lo II., m which are also tabulated 


It will bo scon that Mm results givon djv Urn 


Mjv Urn 

iiarrtm- 


mothod described are probably in good 
ment with tho results of direct voighniigs, 
when consideration is taken into iremuiut ,'?,f 
the falling off in resist,me,o at Mm long orlg.-i 
of tho plain. I 

A research on the distribution of tire fti-* 
tensity of skin friction is in pmgre.su nfc |,hof 
National llhysienl Laboratory. Tho results , 
obtained show that tho “ wako ” oft* if. in skin 
fnotion is miiob smaller Mian has roiiciil.lv lioon ' 
supposed, and in this respect tend to agir'oiimnt 
with (be older e.x peri men ts of VV. Kmtido. 

§ (21) I 1 -moor or Muuvaturh or Mu h-aoiih 
ion FiuoTroNAP Rkhistanoi!. — If, may hr ' 1 
remarked that the experiments of which Mu, 
results are plotted in Vi,,. 12 wom (lI| „ m ,| 0 (>u 
straight lengths of pipe, mid tlmt Mioro is sumo 
ovulenee Hint curvature of tint streams in 
Mm direction of How bus a marked offend; Loth 
on the value of the critical velocity mill tho 
law of resistance with speed after t'lm nritical 
velocity ms been exceeded. This client was 
apparently found iu (Iiimlloy mid (lih.s.m's 
ox pen men ts on a long length of pipe 0-38 cm. 
internal dmmotor which was coiled round n 
drum of 30 cm. diameter. In those o.xpen. 
inonts tho critical velocity wns found in ho „m 
low us (If) cm. per second, correspondiiig 
a value of «//.< of about RIO. |f IM . velotaties 
between (If and 1200 om. per second tho J mv 
of frictional resistance wns of tho form 


11 as On 1-26. 

It may ho remarked that oven at the highest 
speed attained in those experiments tin, Roy. 
■mlds criterion «*/,«2000 was not attained, 
so Mint it is quite possible that in the event of 

tho results would have agreed with Mint port 
of 11,0 curve of Vuj. 12 above tho critical. 

It is possible, of course, that the true value 

ni! u T 'i“ T W \ U . . ih {him ‘W|Mtt’i.i«*nlH 

ght Ik) due to Other causes than the ourvu- 

tme Of (he pljm, but i„ view of the nwuirm.y 

| 11 110 «* f <l'o value of the eoellloion’t 

tabulated I of viscosity tor air from tho observations , h,,.-, 


Measured KcsIhIiuh'c 
. of I'lutit |,y 
Hinml WelghliiK. 
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Wind Speed. 
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tho measured resistances of tho plate when 

“di^ 86 "^- - S 


is a strong probability tliat suoh was the veal 
eauso of tho pffcot noted. 

An intorosting serios of experiments ill mk- 
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trating tho effect of curvature of parallel 
boundaries Imvo been made by Mr. A. Mullock. 1 
I» these experiments tho fluid was placed 
in tho annular space between two concentric 
cylinders, one of which revolved, the other 
being stationary, Tho frictional resistance 
of the surface was measured by measuring 
the moment on the stationary cylinder which 
could ho either tho inner or the outer one. 
Three distinct sols of conditions were tried, 
'' i.e. (1) outor cylinder revolving, inner cylinder 
! stationary ; (2) innor cylinder revolving, outer 
cylinder stationary ; (8) repetition of series 
^L) with an annulus of different width. 

^ The iirnuigomont of the apparatus for tho 
tests on series (1) is shown in Fig. 10. 

Tho inner cylinder A is suspomlcil by a 
torsion wire attached by a gimhal ring to t he 
shaft .11, which earrios a 
divided circle read by a 
telescope T. K is tho 
outer cylinder carried on 
the shaft F, which is 
driven hy a motor pro¬ 
vided with a spaed regu¬ 
lator. A is filled with 
water and K is water 
jacketed, the temperatures 
of both being observed 
and the teinperaturo of 
tho fluid in the annulus 
taken as the mean of 
those. Tho cylinder A 
has its door about half an 
inch from the lower edge 
of tho wall, and tho space 
so formed is filled with 
air. Further, hy moans 
of a ring of tho sumo 
diameter us A fixed to the 
floor of tho outer cylinder, and hy filling the 
annular space between tho ring and cylinder 
with mercury, there is comparatively no drag 
on tho water in tho annulus duo to tho bottom 
of tho outor oylindor. 

In tho oaso of tlio first series of experiments, 
with tho outor oylindor revolving and tho innor 
ono stationary, tho results wore similar to those 
obtained in straight pipes, i.e. tho friction was 
proportional to tho speed up to a curtain 
critical volooity, at which tho motion broke 
clown anil steady readings of tho friction were 
impossible to obtain, tho conditions becoming 
steady again at higher values of tho speod. 
This is shown in Fig. 20. Tho results, however, 
differed fundamentally from those obtained 
in straight pipes in that 
(a) Tho critioal volooity was not proportional 
to tho value of tho coefficient of viscosity, i.e, 
its value did not conform to tho thoorotioal 
condition v a ljv constant, 

Thus, comparing tho results obtained with 
1 Phil. Trans, lion. Hoc., 1800 , p. 11 . 
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water nl 51)° (J. and 0° tho viscosity of 
water at r>0°{J. is only one-third of ils value 
at0°(_!., and it would be supposed therefore 
Mint the critical velocity at fi(i° would lie 
one-third of its value 
at()°. It was found, 
however, that insta¬ 
bility began at tho &> 
former temperature | 
at a speed only I I 
or 12 per cent less Jj 
Mum at the latter. 

(/>) It. was found 
that at speeds ubnvo 
tho oiilieul (he fric¬ 
tional resist-Hnon 
varied as a power 
of the speed of tho 
order of 24, whereas in Reynolds’ and 
Froudo’n experiments with Hat hoards and 
pipes tho exponent was aheilt 1-H. 

Values of the ooellhnonfc of viscosity deduced 
from the low-speed experiments in Helios (I) 



were found to bo consistently higher Mum the 
trim values. The expoiimontu of series {.'!), in 
which the width of tile annulus wax only half 
an inch, gave values of /i, which were nearer 
to tho true value. Previous experiments by 
Mr. Mid look, by the 
sumo method hut in 
which the distance 
was only about in., 
gave values of p. 
closely approximating 
to tho true valuo, so 
that there iH no doubt 
that the discrepancy 
is due to tho thickness 
of tho annulus, Tluj 
results are shown in 
Fig. 21. 

In tho experiments 
with tho inner oylin¬ 
dor revolving and tho 
outer oylindor llxod, tho motion was essentially 
unstable at all speeds, and no value of the no- 
efficient of viscosity oould bo deduced. The 
results from this molhod nro sliowu in Fig, 22, 
and indiento that tho conditions of flow approxi¬ 
mate moro oloaoly to tho eddying Hew of fluid 




Onl.ir eylhutor rovnlvlnn 
Innor ,, final! 


Pin. 20. 



Pm, 22. 






FRICTION 


turbuloueo, whore, ns shown by tins lower 
(iiirvo, fcho resistance varies ns n jiowor of tlio 
sjiml which may ho ns high ns .‘Id. This 
evidence confirms the general reliability of U,« 
portion of fcho curve in A'q/. 12 in the neigh 
hourliood of fcho critical point. 

(b) The Resistance of Spheres. — Afc very 
small velocities tho total rosistanco of a 
aphoro is given by Stokes’ formula, 

R _ .. v 
peH* ~ vV 

.•whom l is fcho diameter of fcho sphere 
h-.nd v its velocity relative to fcho fluid nfc a 
g^enfc distance away from it. Experiments afc 
!!$!»«r ydiuts of vl/i> have been made by M. 
Edfol 1 in a wind-oliaunol and by Mr. Shako- 
spoaro 2 by dropping weighted sphores down a 
towor and observing the terminal volooifcy. 
Mr. Shakespeare states that over the range of 
ids experiments the resistance increases moro 
rapidly than the square of fcho speed and mom 
rapidly than the square of tho diameter. 

.1 ho experimental results are shown plotted 
in ./' uj. *M, which, ifc will bo soon, boars a 
marked rosombianco to that for resistance 
in pipes with the exception that fcho part 
corresponding with values of n greater than 2 
occupies n greater proportion of fcho whole 
experimental range, The part of tho curve 
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resistance with increase of viscosity, is now a 
argo fraction of the whole curve, and consti- 
tutes perhaps tho most important ovidonoo 
the effect. 

R would appear, therefore, that tho exist- 
oiu-o of particular states of How in fluids, in 
Inch an increase in viscosity is accompanied* 
> a reduction m resistance, lias been fully 
demonstrated. The precise explanation of 
. J'honomonon is not clear, hot them 
is a strong probability that the increase in 

amlThL if lh .° 1 .‘ ,n ’ U0fc ro(lu(; big partial 
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FlU. 2-1, 

J K (AVg 2.J.) corresponds with tho centre 
portion of I' li/. 12. 

(«) The Jtesi stance „f Qylmlcr*..--! L'liia sub. 
jeofc has received cousidnml.ln attention owing 
to the importance of a knowledge of the 
resistance of wires In aircraft rigging. A 
vory full account of the experiments will he 
found 111 tho lie port- of the Admmry Committee 
(o>■ Aeronautics, UH2-13, p. ]‘><|, m ,d in A 

MI'iohmuui curve oft..Its is reproduced. 

It will bo seen that that part of the curve 
over which h/pw»/» inereascs with the value 
ol vlfn, thus indicating a diminution of 

' La‘ JlhiHlnnrc tie l'dir. 

Uni . Ash. lie//., Mllit. 


FlU. 25, 

cz,L:r' cr “ 1,m 10 <* 

8 (23) I )|ItHOT MuASIJHI0M |.;nt OP l^HKITIONAI 
-^.STANtm KIIOM V.XOOrrV S..O..K AT T,l 

<11, ]», actical moth,ids which can be used 
, the measurement (lf Hkin f| , i( . (itm . 
turbulent motion, it w jU | l( , m>im lhal , 

uccuratc determbiathm „r tho intensity ,If 

"i f, ' ,< . ,U I " ,, I °» 1 11 ""'all area of a surface 

null tor' h,< 'f 1,0 VU ;' i ' (ti ;: , ‘ iH ‘’"""WemWo is a 
nuittei of cmiHidomlilo diniculty if not 

altogothor impossible. Up to tho present 
success in the measurement ,,f skin friction' 

'ir'f l<!<! ", n,L ' lim;(1 in caw in 

inch tl,o accelerations of |.| l0 fluid in the 

r:,, 1 : ,av ° ^ »>,t. »m>i, AH u, n 

I - f |. ‘ H r n , ° n « Unfortunately 

fcbc noble,us of skm friction, winch are of the 
greatest importune,) in practico, sucli as tlin 
dolcrmi mi linn of tho frictional resistance of 
ships and aircraft, are those in which the 
\ chanty of tho fluiil is oontinually changing, 
mid ,fc does not appear that tho solution of 
(hose problems can ho hoped for unless tho 
conditions at tho boundary of a lluid i„ turl.n- 
motion are known, and several attempts 
to nivesligate these conditions have recently 
been made. Snob advances as have I men 
made in tlio knowledge of tho boundary 
conditions of a fluid in turbulent motion 
have boon obtained, ns would ho oxpeoted 
from a study of tho conditions of flow In 
parallel pipes. In aue], flow it is generally 
accepted that when the speed is below tho 
critical, the layer of fluid in contact with 
tho boundary is at rest reiativo to it, as any 
slipping of finite amount would ho detected 
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ill straight pijica in that Hi© friction varies as 
a power of the speed of about 1*8, ami the 
measured value of Mie resistance por unit area 
at 10 feet per second was roughly Unit- obtained 
by Hr. Fmude in his experiments on pinnies. 

§ {22) l.‘oswiiur;i'rv ok an Incrkask. in 
ltliSIHTANCH 0AUSK1) 31V A RKDUCTION IN 
Viscosity. —In the practical application of 
tlio results of the experiments embodied in 
the curve of Fig. 12, it must bo remombored 
that tlioro was one important condition whioh 
was fulfilled in every case, whioh was that 
tho olisorvalions woi'o not taken until tho 
distribution of speed across the suction of tho 
pipes had become uniform, i.c. all accelera¬ 
tions parallel to the axis of the pipes had 
ceased. It was found by trial that this 
condition was not fulfilled until a distance 
along tho pipe from tho inlet of about 100 
diamotorfl was attained. Tho results of tho 
experiments are thoroforo nob applicable to 
tho prediction of tho intensity of surface 
friction of tho part of tile tube in the neighbour¬ 
hood of tho inlot, when tho layors of fluid in 
tho neighbourhood of tho aurfaco aro gradually 
reduced in speed owing to tho frictional drag 
of tho surface. 

Further, although it might bo expected 
that, in tho emso of aolid surfaces of shapes 
other than thoso of parallel channels, tho 
phases of flow would mirrospond with thoso 
observed in pipes, i.c. tlioro would bn a phase 
of streamline flow in which tho resistance 
would vary ns the first, power of tho rclativo 
sjicod, a critical velocity at which this form 
of flow would break down and a subsequent 
condition of turbulent motion in which tho 
resistance would vary approximately us tho 
square of the speed, it cannot bo assumed that 
tho form of the resistance curve will lie similar 
to that of Fig. 12. For example, throughout 
tho whole range of tho turbulent motion 
covered in Fig, 12 tho value of H/pv a falls 
continuously as vdjv increases. .Suppose this 
increase is duo to nu inoronso in v from w, to w B , 

V remaining constant. Then it is clear that 
11.,/R, increases at a less rate than (i» g /v,) a , 
or Ug/R^fwj/y,)", whoro n is less than 2. 
Suppose, on tho other hand, that the inoronso 
in vdff takes piano by a reduction in tho 
valiio of }' from iq to iq, v remaining constant. 
Then evidently R a is less than it, and we 
conoludo that throughout tho whole mngo of 
turbulence covered in Fig. 12 a reduction 
In viscosity is accompanied by a reduction 
in. frictional resistance. Very conclusive 
ovidoneo tins, however, boon found that in 
somo eases of tho resistances of Ixxlios 

.wwd in fluids tho value of R jpv 2 increases 

norcaso of ixlfv. It is evident that, in 
iases, since the inorcaso in vdjv may 
laco by a reduction in tlie valno of i-, 
ining constant, and thoroforo R 2 being 


numerically greater than R„ a reduction in 
viscosity will bo accompanied by an iitcrcaac in 
the frictional resistance. Further, since in such 
cases R../R, whero w is greater than 2, 

tlio criterion of such an effect will be a resist¬ 
ance varying ns a power of the speed greater 
than 2. The following are some examples, 

(«) Friction in Smooth Pi-pe*. — As was 
mentioned in tho description of Reynolds’ 
experiments, it is usually found that over Mm 
region intermediate between turbulent ami 
steady motion the friction conditions aro so 
unsteady that consistent readings ut any 
given speed aro impossible. In some observa¬ 
tions with a small pipe of J in. diameter, at < 
National Physical Laboratory in 1012, it y as 
found, howover, that tho change from stroam- 
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FlO. 23. 

lino to eddy motion took pluoo very gradually, 
and that it was possible to obtain a iiorios <>f 
consistent readings of friction and speed over 
tho rango of speed between the two conditions 
of motion. Tho results aro plotted in Fig. 22, 
in whioh tho ordinates are tho losses of head 
in feet of water over tho fixed length of pipo 
under observation and the abscissae are the 
corresponding values of the disclmrgo in 
gallons per second, i.c. tho ourvo shows the 
variation of Mm surface friction with Mm 
speed of flow. In tlio lower curve is shown 
the value of n in tho relation 11 ~ku n obtained 
from tlio upper ourvo, in the ordinary manner 
by logarithmic plotting. It will bo soon that 
at very small values of the velocity the friction 
is proportional to tho speed, and that at high 
speeds it varies nearly ns tlio square of the 
speed. Between theso points indicated by All 
and CD in Fig. 22 is tlio section UC repre¬ 
senting tho flow at intormediftto stages of 
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(<-) Tlio slopes of the tangents to the velocity 
curves at distances of -075 mm. and above 
from the walls are very much smaller than 
would bo tins case if the How wore laminar 
at these distances from the wall. 

(d) Tim speeds calculated from the observa¬ 
tions at a distance of -07f> mm. and less from 
the walls are appreciably higher than would 
exist in laminar How with the measured 
surface friction. For example, with a fric¬ 
tional resistance of 10 dynes per fi(|. cm. the 
unionlatcd speed at '075 cm. from Um walls 
wins 705 cm. per second. In laminar How 
wilth this value of tho surface friction the 
spood would he '141! cm. per second. 

IA appeared, therefore, that if in theso 
experiments it could be assumed that the 
speed indicated hy tho Pitot tube was tho speed 
of tho fluid at its geometrical centre the stream¬ 
line motion, if it existed, was confined to a 
region of loss than -05 mm. from tho boundary, 
and, further, the observations were not 
inconsistent with a finite amount of slip at 
the boundary. It was evident, therefore, 
that tho proof of the existence or otherwise of 
streamline motion at the boundary would 
involve a much closer exploration of this 
region than had hitherto boon possible. As 
any further reduction in tho cross dimensions 
of Um Pilot tuhe would have rendered it 
unworkable, a modification id the shape id the 
tube was considered, and It was decided to try 
experiments with a tube in which its boundary 
adjacent to Um wall of the pipo was removed 
and its place taken by the wall of the pipo 
itself. This modification is shown in Fig. 2K. 

As Um sjmeo occu¬ 
pied by this tube 
was considerably 
loss than in tho 
four-walled one, it 
was decided to (it a 
Pitot tube of this 
form to a pipo id 
l)'25 cm. diameter. 
Tho reason for 
choosing suoli a 
small pipo was that 
tho critical velocity 
in it would bo so 
high that it would 
bo possible to talco a Berios of observations 
at about 01 mm. from Um wall at speeds 
of (low bolmv tho critical, in which eases Um 
actual distribution of velocity across tho luho 
was known to bo parabolic, and compare those 
values with thoso deduced from the Pitot tube 
readings. In this way Um relation hotwcon the 
geometrical centre id tho Pitot Lulin and its 
offcotivo centre could ho determined, and tlm 
possibilities of error pointed out in («) and {!>) 
above would bo avoided. 

A series of teats wore accordingly made at 
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a given value of tho mean rate, of flow below 
tho critical, and at different distances of tho 
geometrical centra of tho modified Pitot tube 
from the wall. From the equation of tho 
distribution of velocity in streamline flow 
v=»«(l -r^Ja-) the values of r were calculated 
for each value of v calculated from the ob¬ 
servations. 

Points worn then plotted whoso ordinates 
were the values of («->■) and whoso abscissae 
were the corresponding distances of tho geo¬ 
metrical centra of the Pitot tube from tho wall. 

This process was repeated for different 
values of tho mean How all below the critical 
value, and the mean curve through nil tho 
plotted points was taken to bo tho calibration 
curve for the Pitot tubo. This curve is shown 
in Fig. 29, It will bo seen that for openings 



of tho Pilot tube of Urn order of OH min. 
tho assumption that tho calculated speed is 
that which exists at tho geometrical centra of 
tho orifice is not greatly in error, but Hint when 
tho opening is of Um order of 0*0745 mm. tho 
interference with the flow is so considerable 
that tho ea leu la led speed is that which exists 
at the edgo of tho Pilot tuhe further from tho 
wall. 

A series of observations wore then made all 
at a speed almvo tho critical and with tho 
contra of tho tube at different distances from 
tho wall. Tho speeds calculated from theso 
observations arc shown plotted in two methods 
in Fig. 30. On the left-hand side of tho figure 
tho alwoissao of tho points nro tho distances of 
tho contra of tho Pitot tubo from tho wall, and 
on tho right-hand side tho abscissae nro tho 
“ oitcotivo distances " ns scaled off from tlio 
calibration curve of Fig. 29. Assuming tlml 
this calibration curvo can ho applied to con¬ 
ditions of flow above the critical, which seems 
reasonable in view of the fact that tho amount 
of turbulence at tho distances in question 
numb from tho evidence of Fig. 27 bo very 
small, the ourves on tho right of Fig, 30 show 
tho velocity distribution near tho wall when 
tho readings of tho Pilot tubo aro corroded 
for interference, 
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in n variation from tile Poisenillo law of the 
relationship between the diameter of a pipe 
and the time of cillux of a given volume of 
fluid. At speeds above tho eritieal, observa¬ 
tions near tho walls have shown that the 
moan velocity falls rapidly as tho solid 
hounding surface is approached, and it has 
boon suggested that at tho walls there may 
exist a thin layer in which tho flow is laminar 
in oliaracler, in which ease, if thero is no 
slipping, the frictional resistance would lie 
determined from the slopo of tho velocity 
curve in the surface layer and tho eooflleicnt 
(if viscosity of tho fluid. Several attempts 
have boon made at the National Physical 
Laboratory to obtain evidence as to tho 
truth of this assumption, and a so lies of experi¬ 
ments wore carried out in 1920, 1 the results 
of which afford strong evidence that such a 
layer exists. Tho method adopted was to 
set up a condition of turbulent fluid motion 
over a surfaco uf which the frictional resistance 
could ho accurately determined and to measure, 
by means of a very fino Pitot tube, tho velocity 
of the fluid at n point as near tho wall as 
possible. Tho diilicullics of using a Pilot 
tube under snob conditions wore: (a) that tho 
pressure indications or the Pitot lube might 
ho considerably nlfooted by an iutorforenco in 
the flow in the neighbourhood of tho boundary 
duo to tho presence of tho tube itself; and 
(f>) that whou such a- twins was placed in a 
current of fluid in which the variation of 
velocity across tlus mouth of tho tube was vory 
great (amounting in tho extreme oases when 
the tubo touched tho walls to several hundred 
por cent of the mean speed), it was by no means 
certain that tho vnluo of the speod deduced 
from the pressure in tho Pitot tubo would bo 
tho actual speed at the geometrical centre of 
tho tube. Tho Pitot tubo, which was finally 
adoplod for tho work, wus ono of which tho 
external dimensions at the orifice were 
(hi x 0*8 inrii, mu! the internal dimensions 
0-0fi x<)*78 mm. This was set up in » pipo 
of 0'7.l‘l orn, diameter, through which a current 
of air was passed by means of a centrifugal 
fall, and obaorvntions of the Pitot tube pressure 
wore taken over ns wide n range in the menu 
rate of flow through tho pipo as possible. 
At the same time the corresponding slopes of 
tho static pressure gradient down the pipo 
wore accurately determined. From the latter 
measurements tho values of tho surfaco 
Motion of tho walls for different rates of flow 
wore calculated. The Pitot tubo observations 
wore then repeated for other distances of tho 
tubo from lho walls. For each distanco a 
ourvo of spood variation with surfaco Motion 
was plotted, and from these curves it was 
possible to scale off, for any given value of tho 
surface friction, tho speeds corresponding to 
* Prop, Hoy. Soc. A, xovll. 413. 


the different distances of the Pitot tubo from 
the walls and so plot a curve showing tho 
variation of speed with position of Pitot 
tube. These curves are shown in FitJ. 2(1. 
In the same figure arc shown in dotted lines 
the velocity slopes which would exist at the 
boundary if the flow were laminar. These 
are calculated from tho known frictional 



resistances and tho values of tlio eooffickmt 
of viscosity for air. 

To show the relation between Hurfnoo 
friction and tho speed at a point near tho wall, 
the corresponding observations were reduced 
by tho Reynolds method of logarithmic 
plotting previously described, as shown in 
Fig. 27. These plottings show that the 
relation hotweon surfaco Motion and speed 
at a point is of tho same form ns for surface 
friction and mean flow, ?.c. K = Oi> r ', hut 
that tho value of n diminishes ns tho boundary 



is approached until when the geomolrionl 
centre of tho Pitot tubo is -07fi mm, from tho 
wall tho value of n is 1*16. it would appear, 
therefore, that at this distance tho eddy 
motion bus nearly disappeared. 

On examining the curves in Fig. 20, and 
assuming the errors mentioned under («) and 
(/;) above are negligible, tho following char¬ 
acteristics will bo noted. 
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it ifi of fundamental importance li> know 
nfc wliat speed n ship of given lines will ho 
propelled hy engines of a given horse-power, 
untl also to liiive some reliahlo means of 
estimating the benefit which may he derived 
from a oluuigo of lines. The problem of tho 
prediction of ship’s resistance is, however, 
complicated by the fact that a considerable 
proportion of the total resistance of a ship 
may be duo to the formation of waves on the 
surface of the sea and that tins component 
cannot bo estimated by the application of 
Abo law of comparison t?7/i' = constant. A law 
of comparison for both friction and wavc- 
irftking may be derived by thn ordinary 
dimensional reasoning, remembering that, in 
addition to the velocity, density, and viscosity 
of the fluid, and the linear dimensions of tho 


solid, tho acceleration of gravity must also ho 
taken into account, i.c. wo have 


• (1) 

or tho dimensional equation 


j“ML j ^ ^ h ^ c ^ ^ 

£)*.» 

from which b-l\ 

r.-\d\- 2c=2 > 
a-36 -1- c -i- ‘2d -i-e-lJ 

. • (8) 


or b- 1, rt=2- fi-1- fi, c—2 - d-2c, 
from which 

« f). ■ ■ (4) 

In order, therefore, that the total resistance 
of a ship may bo accurately predicted from 
tho measured resistance of a scalo model of 
it, tho following relations must hold: 

vl VL 

7=1 r 

v*„V* 

Td" Lg 

where tho capital letters refer to tho ship and 
tho fluid in which it is immersed and tho 
small letters to the model and tho fluid in 
which it is towed. The condition is therefore 

N/r = VL/*MT.//) J . 

Assuming L// ~ 25, it would ho essential, 
for tho condition to bo fulfilled, that the 
model should ho towed, in a fluid whoso 
kinematic viscosity is loss than 1 per cent of 
that of sea-water, which, of course, cannot ho 
realised. For this reason the method adopted 
in practice is to separate tho wave-making 
resistance from tho fnational resistance in tho 
following manner. It is dear from equation 


(-1) that if friction bo neglected the wave- 
making resistance of a ship is given by 

If, therefore, wo determine tho wave-making 
resistance r„ of a scale model of a ship under 
tho condition that tho quantity gljv* is tho 
same for tho ship and the model, wo have 


i.e. the wave-making resistances of ship and 
model are in tho ratio of tho respective dis¬ 
placements. Tho procedure adopted is to 
carry out a test in a water-tank of a scale model 
of tho ship at a sliced given by ?; a /i=V 2 /I< 
ami determine its total resistance r. By 
means of tables of frictional resistances based 
on Froudo’s tosts on tho frictional resistance) 
of thin planks tho value of tho frictional 
resistance r, of tho model at a speed v is 
calculated and wo thou have r w —r-r t . Tho 
wave-making resistance of the full-sized ship 
is thou given by equation (fl) 

The frictional resistance of the ship is then 
calculated from tho available data and its 
valuo It, is added to lt H to mako up tho total 
resistance of the ship. 

Tim objection to the use of data obtained 
from experiments on thin plates, for tho 
calculation of tho skin friction of ships, will 
lie obvious from tho consideration that tho 
distributions of tho fluid motion in tho two 
cases nro widoly diHeront. This is particularly 
marked in tho case of tho ship’s stern owing 
to tho marked tendency of tho streams after 
passing tho midship scotion to separate from 
tho linos of tho ship, leaving a wake of eddies 
at tho atom moving at comparatively low speed. 
This odect is well brought out in tho photo¬ 
graphs shown in Fig. 31. Thoso photographs 
represent tho flow of water round small model 
balloons of varying flnoncss of toil. Tu order 
to rondor visible tho flow in tho region of tho 
tail tho model was given a thin coating of 
colour which would gradually dissolve away 
os tho wator flowed past and by tho extent of 
its admixture with the water streams would 
givo an indication of the motion. It will bo 
scon that in each enso there is a dead water 
region at tho toil, the extent of which increases 
with the bluntiioss of tho tail, and since it also 
increases with tho speed of flow, it is probftblo 
that tho region will bo largo even in tho oaso 
of a flue-tailed balloon of normal size and at 
normal speed. Corresponding oflccts will take 
pluco in tho enso of a ship unless the lines 
are particularly fino. 

§ (25) Tire Estimation of tub Fuiotion 
of tub Tides.—F rom tho curve of Fig. 12 
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It will bo soon that tlio effect of l ho enneo- 
tioii for mforforonco is that at. distances of 
tho order of ()■ do from the wall the slopes of 
tho velocity curves approximate fairly dosoly 
to tho values which would exist in laminar 
flow. Further, there is no indication of tho 
existence of any slip at tho boundary. Tho 
conclusion was, therefore, that very definite 
evidence had been found of the cxisteneo nt 
the boundary of a fluid in turbulent flow, of 
a finite layer of fluid in laminar motion and 
having zero velocity at the boundary. This 
evidence was supported hy similar observations 
mndu on a largo pipe of 12-7 cm. diameter, 
and very large rates of flow, and, although a 
rigid demonstration was out of tho question, 


I’io. 30. 

there seemed no reason to doubt that in turbu¬ 
lent motion the boundary condition is given 
by 

T , " V T) 

§ (2*f) Tub Pukdiotion of thk Rk.sjst- 

ANCIT) OF liODIKS MOVING IN Fl.UIDH, FHOM 
ISxiUiMMKNTS ON .SPAI.E MoDKf.S OF THEM, 
(i.) General Gonsukralmm . —From tho expres¬ 
sion for tho resistance of a body moving in 
a fluid at speeds below the velocity of sound 
in tlio fluid R 1 = p,Wi a Z 1 a F(v,f 1 /i/ 1 ), it is obvious 
that the resistanco of a body Sj of given shapo 
moving in a fluid of density and kinoniatio 
viscosity p,, v x nt a speed i>, may bo predioted 
from the measured resistanco of a soalo modol 
of the body S 2 moving in a fluid of donsity 
and kinematic viscosity p, 2 , r 2 at a speed v 2 , pro¬ 
vided that h, v 2 , and v 3 aro nil choson so that 

"2 ~ f'l ’ 

fov then 


and, since all the terms on the right-bund side 
are supposed known, R t is determinable. .If, 
tbei'efore, the linear dimensions of Sj are such 
that no experiment for tlio purposes of estimat¬ 
ing its resistance can be made upon it, tlio 
comparison made above opens up a possibility 
of predicting this resistanco from nil experi¬ 
ment mi a small scale model of it in a laboratory. 

In practice tho use of this method is limited 
by the fact that the necessary conditions 
to bo fulfilled in tho model teat aro nearly 
always impossible to realise. For example, if < 
it is required to predict tho resistanco of an 
airship 201) foot long at (10 foot ]>or second and 
a model of tho ship to a soalo of is available 
for the experiments, then supposing tho test,do 
be made in air, wo have 
Vi~v 2 , Z, — 10Z 3 , and there¬ 
fore ii, -10 a, =s (>()() feet per 
second, a condition which 
could not bo realised in 
a laboratory experiment. 
Suppose, however, the 
model experiment bo made 
in water. Then wo have 
i.j = Z t — l()Zo, and 

sineo v,Z,/r, ---- v,JJy. i , wo 
liavo t> 2 ~4(> foot per 
second. This condition, 
again, is one which could 
hardly bo rooliso.d in wator 
tanks with submerged 
models, but it will bo 
dear that tho possibilities 
of a prediction aro greatly 
increased. If wo could 
obtain a fluid whoso 
kinematic viscosity was 
only 1 por cent of that of air, tho model test 
could bo made at a speed of (I feet por 
second nnd Hie prediction could probably be 
made. 

Unfortunately no such fluid is available, so 
that a direct solution of tho problom is not 
to bo hoped for. Tlio importance of scalo 
modol tests, howover, is not thereby negatived, 
sineo a study of tlio variation in the vuluo 
of M/pifi over tho range in which scale model 
testa nro possible often renders invaluable 
Help in tho prediction of the mannor in which 
it will probably vary mitsido this range. 
This will bo seen from a study of tlio curves 
of variation of II//>r a with tijv in Figs, 12, 24, 
and 2». In caoh of these cases it will be scon 
that for big!) values of vljv, which arc those of 
practical importance, the curve appears to bo 
tending to a definite limiting value, which may 
])o used, with probably fair accuracy, ns a 
basis of prediction in design. 

(ii.) Ship Resistance . 1 —Ono of tho moat 
important applications of model experiments 
is tho prediction of the resistance of ships, since 
1 Sec “Ship Resistance,” § (4). 
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From Uio data furnished liy Mr. Dobson's 
experiments on Salisbury Plain : 


Wind. 

P 

a. 

11,. 

Metres. 

<}„• 

<> s . 


Strong . 

02 x It)''’ 

20° 

0(11) 

15G0 

nr,a 

00022 

Moderate 

fflx It) 3 

2U° 

8(10 

mo 

f>t)0 

0-0032 

Light . 

28 x 10 3 

13° 

non 

4(50 

330 

0-0023 


It will bo soon, therefore, from roforoneo to 
Urn ourvo in Fit/. 12 lluit the limiting value 
of (bo ratio It/pr 2 obtained in laboratory 
Experiments on pipes wbon the voloe.ity or the 
Hli our dimension is large, may also bo applied 
with fair neon racy to thn enhmlation of tlio 
skin f riel ion of the wind on tlio earth’s 
Biirfuee. 


it was possible to obtain the distribution of 
tlie, fluid pressure over the whole surface 
of the hearing, A typical scries of results 
aro given in Table JTI. 

From an examination of the results it can 
bo shown that tlio frictional resistance as given 
by tlio product- of tlio coefficient of friction 
and the load was fairly independent of tlio 
load and was nearly proportional to tbc velocity 
and, further, that it varied considerably 
with tbo temperature of the oil film. 

(ii.) Osborne Ret/uolds' Theory .—After tlio 
publication of the results of these experiments 
tlio. matter was taken up by Osborne Reynolds, 
who realised that the film might be thick 
enough for the unknown boundary condition 
to disappear, in which caso tlio equations of 
hydrodynamics could he applied to the motion. 
As fcho result of a somewhat intricate investi- 


Taiu.k HI 

Hxvriumknts on JouiiNAr, •! Incurs Diamkteh, fi Tnoiies Long 
Lower iSnrfaeo of Journal linnicniml in a Until of liapo Oil nt DO 3 F. Chon! of Aro 
of Contact of Ifams 34)2 inches 


Lonil la Lbs. 
per Nt|. In. 
ol.Prelected 
Area of lira oh. 

100. 

150. 

(.’oolllr.lent 

1 

200. 

073 


•00102 

•00108 

520 

,, 

•0001)55 

■00105 

-115 


•00003 

•00107 

3113 

,. 

•00081 

•0000 

258 

•00107 

•00130 

■00102 

153 

•(H) 102 

•00200 

•00230 

100 

•00277 

•00357 

•00123 


* The definition of the enelllelentof frlcHon as Inli 
total limit-> moment of frict ion illvhleil by the radius 


li’rlrtlon for Hpccds as below.* 


■.volutions per Minute. 


250. 

300. 

350. 

•too. 

450. 

00118 

•00120 

■(10132 

•noi3D 


•00115 

•00125 

•OOI33 

•00142 

•00148 

•00110 

•00130 

■homo 

•IK) 141) 

■00)58 

•00110 

•00122 

•00134 

•00117 

•00155 

•00178 

•00105 

•00213 

•00227 

•00243 

•002117 

•00300 

■00334 

•00307 

•00300 

•00503 

•0057(1 

■nnoift 

•001103 

■00714 


ited above Is—('nnfiidcnt of friction multiplied by Hie 
thn journal. 


$ (27) Tiim Frictional Husistandk ok 
Huukaouh hkim iiat Li) n v a Thin Lay ton 
ok Flu in. (i.) Cylindrical Surfaces, Tower’s 
lixperimcnls. — lb was discovered by Mr. 
Beauchamp Towor in 188H in the emil'so of Homo 
experiments made for tlio Institution of 
iMeolianionl Kugincorii, 1 Unit in tlio caso of a 
lubricated betiring resting on a revolving shaft, 
the surfaces of tlio shaft and bearing were 
eomplotoly separated by a thin film of oil 
under pressure, and that the component of 
the total (luiil pressure in tlio direction of the 
load was numerically equal to the load. 

Tmvor’a apparatus consisted of a half¬ 
hearing of brass resting on a shaft 4 in. in 
diameter, the lower part of tlio journal being 
always immersed in oil. Arrangements woro 
made to mensuro the friotiimnl resistance of 
the hearing, the speed of Hie shaft, and the 
temperature of the oils for various conditions 
of loading. Further, by inserting pressuro 
holes at various points in tho surface of the 
hearing and connecting these to a manometer 
1 Froc. Tnsl. Mechanical llngincm, 1883 - 8 - 1 . 


giitimi,® ho obtained no approximate solution 
of tlio problem of tbo half-bearing, tho results 
indicating that it was cssontial for the mainten¬ 
ance of the film that thoro should be a difi'oronco 
between tho radius of the bearing and that of 
the journal, tho two surfaces having a givon 
eccentricity depending on tlio load, conditions of 
running and thn nature of tho lubricant. It wns 
further shown by tlio theory that, this position of 
nearest approach wns not in the line nf action 
of the load, but that the relative 
position nf tho two surfaces would 
ho somewhat as shown in Fig, 32, 
tho position nf nearest approach 
being on what wns termed by 
Mr. Tower tho “ off" sido of tlio 
lino of load, i.c, the sido of recession of the 
journal surface from tbo lino of load as 
distinguished from tho " on ” sido or side of 
approach. 

Thus, starting from tho condition of no load, 
tho distribution of tlio vortical and horizontal 
components of tlio pressure of the oil film 
J Phil. Trans. Ron. 18815, Part T. 



Fid. 32. 
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it will ho scon that for very high values of 
vljv the value of illpiP tends to a definite 
limit whose value is nut far removed from 
•002. It would appear from this that in the 
caso of rivers and canals an approximate 
estimate of the frictional resistance to flow 
may he made by assuming that the frictional 
resistance of the bottom is equal to -002 pv*. 
An interesting calculation lias recently been 
made by Mr. (<. I. Taylor 1 which indicates 
that this value may also ho applied to the 
frictional resistance caused by the movement 
of tho tides over the bottom of the sea. 
Assuming tho frictional resistance per unit 



- > Direction of Flow. 

Fio, 131. 


area to be given by the energy dis¬ 
sipated per square centimetre per second is 
l-p»\ Now the tidal stream at any time t 
after it lias attained its maximum velocity 
may bo taken roughly as t»=V cos 2ttI/'.\\ 
whoro V is tho maximum tidal stream and T 
is the semidiurnal tidal period of 12 Ins. 25 
mins. Tho average rate of dissipation of 
energy over each square oonlimotro is, there¬ 
fore, equal to tho mean value of kpV n eos a ibrf/T, 
Applying tliin to the case of the Irish Hen, 
taking V — 2J knots, Mr. Taylor finds that 
tho mean rate of dissipation of energy is 
/• x 050,000 orgs per sq. cm. per second. Jiy 
nil independent calculation of tho rate at which 
energy flows into tho Irish Sea, Mr. Taylor 
shown that it is possiblo to find tho approxi¬ 
mate valuo of /•. Taking tho southern entrance 


to tho Irish Sea between Arklow and 1 In id soy 
Island, from the known data of the depth of 
the channel, strength of tho current, and 
range of tide in mid-ohnnnel, the mean rate 
at which energy is transmitted across this 
section is fi-4 x 10 17 ergs per second. The 
flow through the North Channel is shown to bo 
negligible compared with this value. In 
order to arrive at the loss of energy by frictional 
drag it is necessary to subtract the work done 
against tho moon’s attraction by the water. 
This is estimated by Mr. Taylor to lie 110 
ergs per sq. cm. per second. Taking the area 
of the Irish Sea to be 3-9 x 10 H sq. cm. the 
energy transmitted is 10-10 ergs per sq. fyn. 
per second, and subtracting tho 110 du'Vto 
tho work dono against tho moon’s attraction, 
we have 1530 ergs per sq. cm. per second. 
Equating this to the abovo value obtained 
from tho frictional resistance 050,000/.), wo 
have 11=0024. This is in good agreement 
with the limiting values of k given by the 
curves of Fig. 12. 

§ (2(>) Tub Emotion of tub Wind on the 
Eauth’s Sun pack.— Assuming that tho skin 
friction of llio wind on unit area of the earth's 
surface can bo expressed in tho form F = kp()., a 
whore Q, is the velocity of the wind near the 
surface of the ground, tho valuo of k has been 
calculated by Mr. O. I. Taylor 2 from his 
theory of eddy motion and certain meteoro¬ 
logical data obtained at Salisbury Plain. 
Referring to tho skotoh of this theory given 
in § (13) abovo, it will be scon that if F x and 
E y are tho components of the friction of the 
wind along axes parallel mid perpendicular to 
straight isobars ami u and v tho components 
of tho wind parallel to these axes, then 

i.i f 75 A ~ u , ,rdan 

M. '•*■■*='‘1*1.0 

and E„=M'[^] yi 

whoro g.' is tho cooflieicnt of eddy viscosity. 
The total skin friction is evidently 

F- s'l^Tiy. 

from the equations of § (1.3) it follows 


=0, 


0 ) 


Now 

Mint 


m = 

L</2 Jzu-,0 


2 tan cc 


37r + a 


r*i _ 

\_ilz Jz=« 1 +tail 2 
and Iionce 


1 

1 ^Ti 


l-l tftu 2 a ,(? « if, 
2 tan 0 a 


E=2gQ (} sin a ■ 


(2) 


(»> 


so that if, following tho ordinary convention, 
wo write F=ipQ, 3 wo have 

JttH-k Qq 
“Hi ‘ Q 8 2 ‘ 


E 2g . 

/. = _mna, 

p(h P 


(4) 


1 " 'l - i<lnl Friction In tho Irish Sen,” Phil. Trims. 
Itoual Society, coxx. 1. 


3 ‘‘Skin Friction of the Wind on the Earth's Sur¬ 
face,” Proc. ll.fi. A, 1), cxxxvli. 11)0. 
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where It is tho variable distance between tho 
surfaces ami in a function of ft. Since the 
surfaces are nearly parallel, v will be small 
compared with it and the rate of variation of it 
in the direction of ft will lie small compared 
with its rate of variation in tho direction of ij. 

Accordingly equations (1) and (2) hecomo 
tl-u 


<P 


-/<■ 


'l>l V 


<P 

oy 


=o. 


(5) 

(0) 


From (d) it is seen that p is independent of y 
and (fi) is then intograblo, giving 

u b%Av ~*)+ 11 ) ■ 

Now from (3) 

/*&»--f.] 

,l 0 eft I- Jo 

therefore, substituting the value of cufix from 
(7) and integrating, wo huvo 


(ilp/tlO)— 0, and substituting this value of 0^ in 
ccpialion (10), we have 

ri (iuUncsin 6(2 -I -c cos 0) n . n 

J, ~ c+ ^ (T ^ Tr+c cu*W ‘ ‘ 1 ] 

It will ho seen from this that the positions of 
maximum and minimum pressure are equi¬ 
distant from the point of nearest approach, 
niul the one value rises above the value of the 
pressure at that point by as much as the other 
value falls below it. The distribution of the 
pressure for values of 0 of 0T, -3, and ■5 is 
shown in Fig. 37. Tho total vertical foroo 



( it 


(«) 



•whore /i, is llio value or h for which fy/Ar^O. 

Lot I'ig. 3(1 roprcHont a 
section through tho shaft 
journal, and lot O ho tho 
centre of tho journal of 
radius a and O' tho centre 
of the hearing, a\y its 
radius, and lot 00' —cy 
nn whore c -: 1. 
r,0> 3( *' Then tho valuo of h 

can I>o written h~y{l + c cos 0) whoro 0 is tho 
anglo TOO'. 

Hence, writing x~a0, /^-^(l-l-ccoa (),), wo 

liaV ° dp 0/tU«c(<'o» <> ~ cos 0,) * _ 

( id" ir(i i c cos or 

from which 

(1/xUrt f" C. sin 0 

2» = ° + (i_'e a ) a >i*L<i I-OOH ») fl 

| „ (1 _ c 2 )(l - 1-0 cos 0) +4(1 +0 cos 0 ,) 

(1 - c* + 3(1 + c cos fl)) J -1(1- c n -)~ * {2(1 - c n -) 

/i-o, din 

-(i+ccoH w-i-e 0 )} tftii-’xv rrc to,l 2.rj 

( 10 ) 

Now p can only hnvo one valuo for any 
given value of 0 , and therefore tho coefficient 

of tan -3 {\/<T- e)7(l+ c) ton (0/2)) in the above 
equation must be Korn, i.e. 

3 e + (2 + c 8 ) cos l>i=0. . . (H) 

This equation dotonnines tho points at which 
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on the journal duo to the pressure acts down- 
wards through O and is given by 

»-J, . . 

Tho total force due to the viscous drag on tho 
surface of tho journal must by symmetry not 
through O' and is given by 


I'll r 

S = j / ai 


sin OatlO. 


Now T - 

a-» by<7) 

/tUf 4 . . 

= ilj+C OT o (2 + C a )( 1 + C COS or 

_ irrjJJar __(14) 

01 H ~~ V o L 2 (2 + c 8 )(l-c 8 )U 
Again tho couple exerted on tho journal is 
fl* _ 4itmUo*(1 +2c 2 ) 

H. > aWm ri2 + m ^ iU>) 

Now if /' bo tho viscous drag on tho surface 
of tho bearing „ _ 

Hence on tho hearing the corresponding forces 
and couples are R' acting upwards through O 
and equal to R 

4ir/tU« r, 2(1 - c a )^~| 

s= 'TL 1_ ''2+ c2 J 

, 4rr;xUa 2 (l - C 3 )* (i7) 

Now S nml S' are not equal and opposite, 
hut being of a smaller order than R and R 
may be neglected. In fact it has been shown 
by Sommerfold that a closer approximation 


( 10 ) 
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would be as indicated by the curves in Fig. 33. 
In this case the position of nearest approach 
HG is vertically above the centre of the 
journal, the pressure of the Him relative to the 
pressure at this position being positive on 
the on side and negative on the off side, and 
the distribution being such that the total 


Vertical Pressure 



vortical component is zero and the total 
horizontal component equal to the horizontal 
component of the friction. 

On applying a vertical load it is essentia! 
for equilibrium that tho positive vertical 
component of tho oil pressure should exceed 
the negative component by tho amount of 
the load imposed, and consequently tho 
hearing tilts over into tho position shown in 
Fig. 3 t, in which tho resultant of tho vertical 
pressure of tho oil and tho friction of tho 
hearing surface exactly balances tho load. 
Ab the load increases it appears from the theory 
that tho position of nearest approach moves up 
to the left extremity of tho bearing and that 
on further increasing the load it movos back 
again towards tho central position. Further, 
when tho load is in suoh a position that tho 
lonst- separating distnneo IIG is almost half tho 
difference in radii of bearing and journal tho 
angular position of HG 
is about 10° to the off 
sido of tho contro lino. 
At this position the 
pressure on tho oil film 
is everywhere greater 
than at A and 11, the 
oxtromities of tho hear¬ 
ing and tho olToet of any 
additional increase in tho 
load is to produce a 
negativo pressure nt A which in praoticn will 
produce rupture of tho oil film. 

It Is fairly obvious, therefore, that this 
condition is tho one which obtained in Mr. 
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Tower’s experiments at the instant when 
11 seizing ’’ occurred, and may bo regarded 
as determining tho maximum load on the 
bearing. It was possible, tlioreforo, to obtain 
n check on tho accuracy of tho theory by 
calculating tho distribution of pressure from 
tho equations when the distnneo of nearest 
approach of tho surfaces was half tho difference 
of the radii, and comparing this thoorotioal 


distribution with tho one actually observed by 
Mr. Tower. This comparison has been carried 
out in Fig. 3/5, tho full curves indicating tho 
theoretical distribution of pressure oil an angle 
base aiul tho crosses tho observations. It will 
bo seen that the agreement is very satisfactory. 

The mathematical theory of friction undor 
the conditions obtaining when plane or 
cylindrical surfaces supplied with n lubricant 
move relatively to each other lias also been 
dovolopcd by Sommorfcld, Mieholl, and 
Harrison. As tho treatment of the problem 
of tho cylindrical hearing by Harrison is ■ 
simpler than that of Oabomo Reynolds,-' 
owing to tho fact that ho has assumed that 
tho bearing is a complete cylinder instead of/fi 
half - cylinder and leads in tho enso of two 
dimensions to an 
oxnot solution, a 
brief account of 
tho analysis is 
given boro. 1 

(iii.) Harrison's 
Theory .—In form¬ 
ing tlio equations 
of motion of I lie 
film tho effect of 
gravity and of tho 
inertia of tho fluid 
can ho noglcoted 

compared with tho 
internal stresses 
arising from tho 
shearing of tho 
liquid. Also, on 
account of tho 
thinness of tho 
film, its ourvature 
can ho neglected 
ro that tho flame equations hold whether tho 
surfaces nro plane or cylindrical. In tho 
equations x is measured along tho moving 
Burfuco in tho dirootion of motion, y being 
normal to this mirfaco. Tho motion is steady 
and assumed two dimensional. 

If w, v bo tho component velocities at any 
point in tho liquid, p tho pressure, tho equations 
of motion nro (son p. 315) 
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tkv 




(1) 


„ 

. (2) 

where y is tho coefficient of viscosity, and tho 
equation of continuity is 

-=0. . . . (3) 

Tho boundary conditions nro 

«=U, v = 0, where y — 0 ^ ,. 

u— Of u = 0, where y —A/’ ' 

1 Transactions, Cambridge Philosophical Society, 
xxli. No. 3, )). 31). 
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would establish their identity. The inequality 
o£ M and M' is, however, ail essential char¬ 
acteristic of the equality of the fnroo systems 
(R, At), {It', M"), it acting at 0 and 11' at O'. 
Taking dilleront values of c. the ratio of M 
to At' is 


The variation in the amount of the friction a 1 
resistance as the speed is increased, tho load 
remaining constant, may he shown by calculat¬ 
ing the values of U nud M from equations (111) 
and (1/5) for dilleront values of c, R being 
constant. 


c=0 -I -4 -fl -9 

M/AI' 1 1-03 1-51 2-09 13-8 

The coofiioicnt of friction for tho journal is 
given by 

R« ” a«c ’ 

and that for tho bearing \' by 
It'rt 3«c 

Ail appreciation of those facts is of value iu 
tho practical determination of tho coefficients of 
friotion of hearings in laboratory experiments, 
for if, ns is almost' universally tho practice, 
the friction on tho bearing is determined it 
is evident that tho actual onclficicut of tho 
journal is considerably greater than the value 
so determined unless the speed ho suflioiontly 
great to mako c comparatively small. 

Tho fact that tho frictional resistance of a 
journal running at constant speed increases 
slightly as tho load is increased may ho illus¬ 
trated by calculating tho values of M and It 
from equations (13) and (lb) for given values 
of c and assumed values of g, U, n, nud »; 


g.on 

s. 


i 






_a_ 




















o * * <1 0 10 I2»I04 

Load grs. 
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and plotting tho results. This Inis licon done 
in Fig, 38 for u boaring and journal in which 


U ~fi()0 cm. per see., 
« = 2'ij om., 
i) — •005 om,, 

/* = !» 


tho oaloulatod values of It and At being as 
follows: 


c. 

It in ClmmmoH. 

M In Urnminn Om. 

■1 

240,200 

4084 

■2 

■180,000 

<1325 

■3 

722,300 

4735 

■4 

001,GOO 

5319 

•G 

1,2.12,GOO 

oust 


It will ho scon that by increasing tho load 
in tlio ratio of 5 to 1 tho friction is increased 
by 47 por cent. 


This has boon done for the sumo bearing, 
journal, and lubricant as in tho previous 
example, taking tho value of It as 1,232,1500 
grammes when c = -P>. 

Tho calculated values of U and M nro as 
follows : 


c. 

U Cm. ilk. 

A1 (Irninma Ctn. 

•5 

GOO 

0,101 / 

•4 

017 

(1,000 / 

•3 

8GG 

7,970 

■2 

1285 

10,000 

•1 

2085 

10,720 


Tho results arc shown iu Fig. 39, in which 
tho ordinates are tho values of M and the 



abscissae those of U. It will bo seen that 
at the low speeds an increase in the speed of 
about 30 por cent only results in an increase 
in tho frictional resistance of about 8 per cent, 
but at the high speeds the friction is praotloally 
proportional to tho speed. 

It should ho noted that the above deduc¬ 
tions from Harrison's theory—the ratio of the 
con phi on tho journal to that on the bearing 
and tho variations of friotion with load and 
speed—are based on tho assumption of a film 
of lubricant' which is continuous round the 
journal and in which tho pressure distribution 
is symmetrical about a horizontal section 
through tho axis, ns in Fig. 37. No experi¬ 
mental investigation of tho pressure distri¬ 
bution in a lubricated bush appears to have 
been made, but from somo preliminary obser¬ 
vations at the National Physical Laboratory 
it would appear that such a symmetrical dis¬ 
tribution is not commonly obtained in praotico. 

§ (28) Fhictionat, Resistance op Flat 
Inclined Suiipaoks. (i.) MichclVe Theory — 
Tho hydrody mimical theory of tho pressure 
distribution between two flat inclined surfaces 
separated by a film of fluid has boon worked 
out by Miohell, 1 who has obtained a complete 
1 ZeitsclmflfUr MaUictnulick, 100G, lii 
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Australia in 1005, and since Hint time the 
development of lids typo lias boon very rapid. 
J/'iij. .] r> allows a lien-ring on this principle 
designed by Mr. Now bigin fur Messrs. Beilis 
& Moraim of Birmingham for a steam 
turbine. In Uiis A is tlio collar on the shaft, 
B are the segmental rubbing blocks, the backs 
of which are cub away to allow of them tipping 
through the necessary angle to the plane of 
rotation. 0 are spacing blocks between which 
(.ho loo.se rubbing blocks arc fitted. 1) is 
the case holding the spacing and nibbing 
blocks together. IS is a washer, concave on 
one face and Hat on the other, to provide 
'means of automatic, adjustment. F is the 
oVosH-piwie with a convex face on to which 
the washer fits and having holes through 
which bolls pass to transfer the thrust- to tlio 
frame of the turbine. The oil is supplied 
through a hole in the centre of tlio shaft S. 
This hearing was tested lnulor a total load 
of 1500 lbs. or 500 lbs. per sq. inch at a speed 



of 1.750 revolutions per minute, under which 
conditions it ran continuously at a temperature 
of 124" F. Owing to the smallness of tho 
angle of inclination of the surfaces it is not 
practicable to have them fixed, and (ho blocks 
aro pivoted about an axis passing through 
tlio lino of notion of the resultant of the oil 
pressure and the Motion. In this way the 
block automatically sets itself to tho correct 
inclination. Designed in this way IhrusL- 
1 leavings have been constructed which havo 
nm continuously with a pressure as high as 
3000 llis. per squaro inch. 

IV. Tnt'i FnumouAt. Rksistanob of Soi.id 

HtllU'AOKS SKPAUATIOO, OH l'AHTIAU.Y 
SMfATlATKl), BY A Fif-M OF Fl.Ull) OF 
SUOH 8MAT.Ii DlMKNHlONH LaTKRAIiIjY 
THAT ’rilU ItHFUSTANflK M NO I.ONOKIl 

ppn to thk SiibAiiiNo Stuksh in titk 

Fi.UII) AT.ONK 

R (29) Oir.iNKSH. 1 (i.) Lubrication.— In the 
eases of the frictional resistaneo of surfaces 
separated by a Mm of flnkl whoso motion can 
be predicted from the ci[iiationH ef hydro, 
dynamics, such as these discussed earlier m 
this article, it is, of course, obvious that the 

1 Hco (U'tlcto “ Lubrication." 


resistance is entirely independent of tlic nature 
of the surfaces and dependent on the char¬ 
acteristics of the fluid, so that it may bo 
assumed that, in tlio case of two hearings 
ami journals of identical dimensions and speed 
and loaded in such ft manner that the relative 
position of journal anil hearing is the same 
for each, hut supplied with different lubri¬ 
cants, the frictional resistances are proportional 
In the coctlicionts of viscosity of the two 
lubricants used. It. has lung been known, 
however, by practical engineers that trouble 
in running machinery caused by hob hearings 
can lie cured by the use of certain oils whoso 
viscosity was of tho same order as (.hat of 
tho oil used in the hot hearing. Thus in 
tlio caso of tlio heating up of tho crank-pins 
of gas-engines lubricated hy_ mineral oil it 
is common practice to substitute castor oil 
for the mineral oil, with tlio result that tho 
friction diminishes to its normal value and 
smooth running results. Now tho valuo of 
/c for castor oil docs not differ appreciably 
from that of a good lubricating mineral oil, 
so it is evident that tho former possesses sonic 
lubricating properly apart from its viscosity. 
Although considerable attention has bcon 
devoted to tlio study of this property of 
good lubricants, no definite relation has yet 
bcon found between it anil tho other physical 
properties of the oil, and the property ilself 
is somewhat vaguely referred to ns “ oiliness. 
There bcoiiih, however, to he no doubt that 
the determining factor of oiliness is tlio 
chemical composition of tlio lubricant and 
that those oils which contain a largo propor¬ 
tion of iinsatnrated hydrocarbons aro tho best, 
lubricants. An explanation of tho relative 
superiority as regards lubricating value of 
animal and vcgotablo oils over mineral oils 
is suggested by Langmuir’s theory of ademp¬ 
tion. " According to this theory, tlio fact that 
animal and vcgotablo oils spread upon water 
whereas mineral oils do not is duo to the 
presence of an active group in tho molooulc 
in tlic former case and its absence in tho 
latter. 2 Tho soluhlo glycerine ester end of 
tho roil-liko moloonlo tends to dissolve m tlio 
water, but tho insoluble hydrocarbon end 
refuses to do so, with the result that, tho 
moloonlo stands on end and tho surface of tlio 
water is covered with ft layer of closely packed 
molecules of tlio animal or vegetable oil. On 
tho other hand, the mineral oils with hydro¬ 
carbon groups at each end of the molecule 
aro inert, and spreading docs not take place. 
Similarly, when a liquid whoso molecules 
contain active groups is in contact with a 
solid surfaeo adsorption takes placo and the 


* H. H. Allen, Proceedings of the Physical Society, 

N " V Sroiihio ifnrdy, “ Spreading of Fluids on Cl lass,” 
Phil. Mat), xxxvlil. 49. 
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any point x, o, z, precisely as in equations on 
p. 377, is given hy 

/<;k\ U h dp , IA . 

/=_ ' , y,-o = "i“2-p» ■ ,io) 

where U is tlio velocity of the fluid in tho 
direction of x at .r, g, z. 

The resistance of tho whole blook is tliore- 
foro given by 

. ).}'.%■ f** 

= ?rf ft-dx-fjf \(pb-Pa)- f ptlx)dz 
Jq CJ, 4J 0 Ja 

p - • • ■ • (ll) 

(ii.) The lies nits of the Application of the 
Theory to Special Cases. Case I. Square 
Block—length of side—- it, b = 2a .—Tho distribu- 
tion of pressure ovor tho l)look is shown in 


Tho eoofTioicnt of friction is Mile, or thirteen 
times greater than in tho ease of tho square 
block. 

Case. Ilf. Slide Block of Infinite Width ,— 
Assuming b~2a ns before, tlio mean pressure 
is f>= - 'OoOO {plJ/c-), tlio resultant pressure 
acts at 1-433 of tho length of tho block from 



£=30 3-3 3 D 30 4-2 4'i 4 (1 01 0 -1 0-7 0 0 


its rear ond, and the eooiTieient of friction in* 
4-8(5 G, or less than half of that of tlio square 
block. 

Tho distribution of pressure along the 
middlo lino z—v/2 in this case compared 
witli that for tho squaro and rectangular 
blocks is shown in Fig. 43, in which tho 
influcnco of tho transvorso flow in reducing 
tho pressuro at tlio side is dearly brought out. 



. =t'0 1.1 1*3 1-3 1-4 10 VO W I’D T-0 2-0 


Fig. 41, in which the lines of equal values 
of p/C, i.c. equal values of pc^/dpV, arc 
shown. For tables of tho values of the Hossol 
functions required and tlio method of obtain¬ 
ing tlio values of tho cooflieionts, reference 
may ho made to tho original papor. Tho 
moan pressuro is found by arithmetical 
summation to bo jJ=(P/ir a ) = - -0213(/tU/e a ), 
ami tho position of tho resultant pressuro is 
•42 tt from tho roar end of tho block. Tlio 
nominal eooiliciont of fiietion 


Casa 11. Slide Block of Width equal to 
one-third of its Length, ft-2 a, as before .—Tho 
distribution of pressuro is shown in Fig. 42, 
the mean pressuro is given by 

P — .y.i — - 

3 jH c . 2 

and tlio position of tho resultant pressuro is 
at -30 of tho length of tlio block from tho roar 
ond, 


Tho practical application of tho essential 
conditions to secure perfect lubrication 
betweon two flat surfaces, indicated by tho 
theory, has led to very great improvements 
in tho design of tho thrust blocks of marine 
engines. Previously collar - thrust boatings 
of the typo shown in Fig, 44 wore in use. 

Tlieso consisted of _ 

collars forming part F 

of the shaft in con- _lillfV ffflL_ 

tact with ihriist (j _ 171 

washers sliding in [_ _ \ 

grooves in tho thrust [XUiLfe Jf J] 

' block and transmit- 
ting tho tlmiBt of tho 
prnpcHOl'toit. Uilwas 

admitted to tho surfaces in contact through 
rndial grooves out in the thrust washers, lint 
ns tlio two surfaoea worn coplanar it is ovident 
that no sopamtiiig nil film could ho formed, 
with tho result that tlio maximum pressure 
which could ho used without seizing was of 
tho order of 00 IJjh. per sq. inch. Tho size 
and oust of tlio thrust blocks of largo marine 
engines wore therefore very great. The first 
thrust boaring in which tho theoretical condi¬ 
tion of an inclination of tlio surfaces was 
fulfilled was made by Mr. A. G. M. Mjchell in 
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“ ‘ Oilmens' appears In he an effect produced 
by the lubricant upon the. metallic surfaces 
with which it. is in contact rather tlmn n 
properly depending <m any particular physical 
property of tho lubricant. H would appear 


or as a result of abrasion forming a paste of 
metal plus oil between surfaces covered by 
oil layers one molecule thick.” 

§ (30) Tub N.T’.L. Gear Efficiency Ex- 
i'Hrimbst-s. (i.) Lunchcslcr's Appurulua. — A 


Taki.k I 


.l)escrl|il-leii of Oil.* 


11. |l. o|<mk oil 
Hnyunno oil 
'J'ypcwriler oil . 

,-Victory lb'd oil ■ 
’i'Vl'YK cylinder oil . 
Muai‘la , !ili , r spindle oil 
Ciuilor oil . 

Vid Volina cylinder oil 
,Sperm oil . 

Ti'ultcr oil . 

Olivo oil 
Kapn oil 



Mild Steel on Oust Iron. 

Mild Steel on Lead Bronze. 

Hindi: Hoe lllelcnt. 

Eflklcncy. 

Static Codlkknt. 

lifllclency. 

. M 

0-271 

72-1) 

0-27H 

72-5 

. M 

m-illl 

78-7 

0-234 

70-G 

. M 

0-211 

78-0 

0-204 

70-0 

. M 

0-100 

fio-n 

0-240 

75-4 

. M 

<>-u>:i 

80-7 

0-230 

70-4 

. M 

0-183 

81-7 

0-202 

73-8 

, V 

0-183 

84-7 

0-100 

83-1 

. 11 

0 M3 

8a-7 

• . 

. • 

. A 

0-127 

87-3 

0-180 

81-1 

. A 

0-123 

87-7 

0-152 

84-8 

. V 

O-l III 

88-1 

0-100 

80-4 

. V 

0-1II) 

88-1 

0-130 

85-4 


* A < animal oil; 

that the uiiMaUimlod moleoules of the lubri- 
LMint enter into it linn physien-olicnihml union 
with the metallic mu-faces, tlmn forming a 


Ounli l>ol 



V t 'Vniwhihlu oil; M*“inlnurul oil; ll“l>lended oil. 

Hol ies or experiments on lubrication, in which 
tho contact of tlm sliding surfaces and the 
distribution of the lubricant was probably 
of tlm nature of that presumed in tho fore¬ 
going dismission, has recently been carried 
out at the National I’hysicitl Laboratory. 
Tlmso experiments consisted of tests of tho 
ollloioncy of transmission of power through a 


Unluorsul Couplliiy 

"'-v 


— i|Vj 

P^lIJ. I £flnU tightenin g G mr not ahum) 


To liitiihw I'utloij , 




friction Hurfaeo wliii-.li is a compound of oil 
and metal. Thin solid surface would also 
appear in the ease of metallic mu-faces to be 
much mom than one molecule thick, the oil 
either penetrating Homo little distance into 
tho motnl and altering its physical properties 


¥10. 47. 

worm-goal- when using different kinds of oils, 
and wore curried out for the Lubrimn s and 
Lubrication Inquiry Committee of the Uopai t- 
ment of Scientific and Industrial Research. 
Tho testing machine was specially designed by 
jjr, it, W. Lanehcstor for the accuvato measuro- 
meut of tho efficiency of power transmission 
through a worm-gear. A sketch of the nmohino 
is given in Fig. 47 and an enlarged view showing 
"Son Ilia «nd U» o,l «rco- 
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Inf ing system in Fig. IS, It will lie soon from efficiency of tlio gem* in 100 jior <- t; 
Fig. 47 that (lie gear-box j.i supported in a gen r ratio 3 to Iso that tlio speed ' ’ 
cradle A in such a manner that it has freedom is three times the speed of the 
of motion through a small angle about two the torque on the worm-shaft, will I* 
axes at right angles. Tho worm is driven by of that on tlio worm-wheel shaft, 
the shaft B through fciio intermediate shaft 0, fore the distance of the load fmiJi 
the latter being provided with universal axis will bo one-third of its distant 
couplings at eacli end. In the same manner wheel axis. As tho c/lioioney of t 
tlio worm-wheel shaft is connected to the less than 100 per cent, it will ho n< 
bevel box JO, through tho shaft D, and the move tlio load farther from tho ' 
universal couplings F, P. The load is supported in order to balance tlio gear-box. • 
by a bracket K fixed to the arm Q, tlio axis luted distance of tlio load from tlio v 



Pio. 48. 


of this arm being parallel to and in tho same 
vertical piano as tho worm-shaft axis. Tho 
load is not fixed directly to tho bracket but 
is carried by a slider, and by moans of a screw 
and nut device tho distance of tho load from 
the axis of tlio arm can l>o varied. Tho 
bracket is permanently fixed to tho arm and 
thus tho moment of tho load about tho worm- 
wheel axis is equal to tho load multiplied by 
tho length of tho arm and is always tho same 
for tho same load. Tho moment about tho 
worm-shaft, however, can ho adjusted by 
means of tho serow-gcar, there being a scalo 
ti, A ^stance of tlio 
's of tho 
fc if tho 


assuming 101 ) per cent eflloioney, divi 
tho distance of tlio load to obtain n 
of the gear-box is the efficiency of tl 
Tho drive is taken through tlio hovel 
the bolt pulley M, the latter boing of 
dianiotor that it tends to drive tlio p 
keyed to tho driving shaft B at froi 
H por confc higher speed than it is n 
making. In this way, by tho friction 
ping of tho bolt over tho surfaoo of tho 
koyed to tho shaft B, all tho power 
mi tied through tho gear, with tho ox : , 
of that lost in friction of tlio bovol-go 
shaft-journals, is returned to tho driving 
The systom constitutes, therefore, at 
circuit, and all that iR ncoessary to ho aj 
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from outside simmes is tins total loss clue to 
(she friction of Uio whole machine. This loss 
is supplied by a belt drive, to the cone pulley 1* 
from a 15-h.p. petrol motor. It is arranged 
that the tension in the. holt connecting the 
pulleys M and N can ho adjusted over a wide 
range, an inoronso in the belt tension causing 
an increase) in the pressure between the teeth 
of the worm and worm-wheel, and therefore 
U n increase in the torque. In tho machine 
described tho pressure between the tooth 
could ho increased to a value corresponding 
with a transmission of 100 h.p. 

,/.’iV/. .18 shows in detail tho method of sup¬ 
porting tlio gear-box. It is bold by means of 
Hip hull-hearing 00 in the cradle A, which win 
itself rotate through a small angle by rolling 
in the ball-bearing rollers .15 and 15. 

Tho lubricant contained in the lank shown 
in Fig. 48 is fed into tho top of the gear-lmx 
|,y means of a rotary pump, and leaves by 
means of the pipe K, the bole in the side of 
tho box lining about on a level with the lop j 
of the worm. Tho temperature of the oil 
entering and leaving tho gear is taken by 
thermocouples. It was estimated that in the 
experiments the absolute accuracy of the 
oflioioncy obtained was within 0-2 and 0*8 
pov cent of tho true value, and the agreement 
of the readings was within (M per cent. A 
ililfercneo oorrospondiug to 0-1 per cent in tho 
oflioioncy could easily he detected when the ap¬ 
paratus was rimningHinoolhly. The gears tested 
were of the Ilindley type, cut by the Daimler 
Company cm Mr. LanolioMor h priiu-ipiOi ay 
means of which a high cllicicimy of transmission 
is seemed even under extremely heavy loading 
uf tho lubricated surfaces. In the tests hi Im 
described the moan pressure on tho surface 
ranged from IJ to 2 ions per square inch, and 
oflioicnoioH of 1»7 per cent were obtained. 

A brief description of the ivsnlls obtained 
with various lubricants may be given. 

In carrying out the ti'sts it was found that 
starting with the lubricant at the normal 
temperature of the room the heat developed in 
friction at the surfaces of the worm and wheel 
was such that the temperature of tho od m the 
receiver gradually increased . thus enabling a 
consecutive aeries of observations to be earned 
out at gradually reduced values of the viscosity. 

(ii.) J'h-pcriiiintlul ]tc«ulls. — A eomplolo 
series of ellioioney tests at lomperaluros of the 
lubricant ranging from 15 u 0. to 75“ D. were 
carried out on the following samples of oil: 



j FEE (Jylimlor. 

Mineral 

, . I Hnyonmi. 

[ VioCory Ilwl. 

Animal 

f Trotter (a milmUlulo 

• ’ \ for lanl oil). 

Vegetable . 

f Ilajic. 

■ ' \ Castor. 

Fish . . 

. . Mporni. 

vor.-1 



i 


The more important physical properties of 
these oils will ho seen from the following 
tallies giving tho results of determinations 
made at the National Physical Laboratory: 


Tam. a II 

Dkhsity and Viscosity at 20° 0. 



Viscosity 

Density 

Density. 

Viscosity. 

Cast or . . 

7.8 

•95 

7-5 

Kupo . . 


•91 

•90 

Trotter . . 

■1)8 

•91 

•89 

Sperm . . 

■no 

•88 

•Ill 

FFF Cylinder 

221 

■89 

HMi 

Hayonnc, . 

1-8 

•90 

10 

Victory Uwl. 

12 0 

•041 
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i 

& 

s 

1 

A 
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£ 

S 

3 

R 

it 

a! 

5*3 

k. 

o 

l 

a 


5 


2-02 

2-42 



12-7 

, , 

10 

. . 

1-50 

1 -50 

Mil 


(MO 

. . 

15 

12-75 




80-89 

.. 

22'in 

20 

7-81 

•Oil 

118 

•88 

22d 

1-8 

124) 

lid 

4-152 

•08 

•01 

•27 

841 

•09 

4-5 

50 

HM 

•25 

•211 

•15 

2-4 

•87 

14) 


/ -m 

•17 

•10 


•91 

•18 

•89 

70 


•!2 


.. 

•41) 

•. 

- 

— 

-- • 
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Flash- 

pohit 

.Surface 
Tensimi, 
Dynes 
per Dm. 

Sjipolllo 

Heat. 

0.0,8. 

Units. 


•100 

8741 

•508 

Unjii) . • 

405 

8041 

•488 


852 

88-3 

•483 

tiporin . . 

800 

38 45 

■403 

FFF (ylinder 

500 

30-7 

■470 

Bayonne. . 

875 

30’ l 

•400 

Victory lied 

274 

38*5 



(iii.) Tim Critical 7 V.m/n:mfHrc.— ln the ease 
of all' the mineral oils tested it was found 
that when a certain temperature of tho oil 
had been reached, called the “ oritical I'"’ 1 ’ 
perature,” tho running of thr 
decidedly unsteady, and a 
in the rate of fall of offleir 
lure was observed. Exp 
critical temperature won 
was considered that the 
curried further without in. 
the case of animal and . 


2 o 
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critical stage was readied at temperatures 
below 7.5° (.*., beyond which the (eats wore not 
carried. 

(iv.) C'nnrl axiom .— The general nature of 
the results at a mean pressure on tlio teeth 
of l.( ton per square inch are indicated by 
the curves in Fig. 40, of which the ordinates 
are I lie values of the eilioieney of transmission 
ami the abscissae the values of the temporal m o 
of the lubricant. 

It will he seen that at atmospheric tempera¬ 
ture the efficiencies of the four fixed oils are 
appreciably higher than tlioso of tho mineral 
oils, hut that in all eases tho efficiency is 
remarkably high, varying from 93-5 for tho FFF 
Cylinder to 05*5 for tho fixed oils. When the 
temperature exceeds 30° tho oxtremo range in 
the eflieieney is not so largo as at 20°, and 
this relative performance is maintained up to 
about 47 a 0., at which the critical point of 
the Bayonne oil is reached and its oflieienoy I 


absolute viscosity of the Inline,-mi, insleud of 
temperature. It will fie seen that throughout 
there is no indication that tho frictional ms inf.- 
mice of the gears is even approximately pro¬ 
portional to tho viscosity of Urn lubricant 
employed, as would he the ease if (.lie jmrliurcu 
were separated by a film of oil of mcmninihlo 
thicknesH. This conclusion ja «lrikingly vori- 
| fiod in the comparison of the nmultu for tJunto r 
and Trotter oils. At 40" (!. f,| lo viwosity of 
dastor oil is approximately nix times (lint of 
Trotter, hut in tlio tests at this temperature 
tho frictional resistances were nppn.xiiimfely 
the Hiuno. Ah regards the rlTeol. of presmin', 
it was found that there was an appreciable 
increase (2 percent) in effloimmy ohluiucl Jiy 
raising the pressure from H5 (..> 2-0 tons peY 
sepmro inch, and furllier them was an increase 
of I por cent in the eflieieney by raining the 
speod of tlio worm-ohaft from 5U0 to 1000 
r.p.m. 



mils rap id I j'. Tlio critical point of tho Victory 
Red oil is not so well defined, but would 


• ... ...... „„ nvn uuiineu, out mm, 

appear to be approximately fit) 0 0. Tho per¬ 
formance of the FFF Cylinder, however, 
remains remarkably constant up to a tem¬ 
perature of 17° C., when a very rapid break 
m the behaviour of the oil was noted, and tlio 
efficiency fell, ns in the case of the other 
mineral oils. The behaviour of the Sperm 
oil was somewhat abnormal, ns tlio efficiency 
appeared to form continuously from 20° to 
oo and then remained steady. TJioro was, 
however, no s.gn of a critical point having 
been reached. There can bo no doubt that 
Z 1 'i at, 1 v ,° superiority of the fixed oils is 
‘ ,0 t0 , tIle absence, Within tho range of 

Tho 1 ®! « ° f n oriticnI Point. 

The fact that the critical points of two of 
the mineral oils were reached at a tompera- 
ture of oO C. would have an important 
earing on their practical valuo ns lubricants 
since such temperatures are not uncommon 

lubrication! «&»» «<l «nc 

In Fig 50 are exhibited tho results of tlm 
““ ”™» “ f plotted 


\ ■) I'JJMO’i oj nnxlim ..—prueuenj export- 
otico showed that the lubricating value of a 
mineral oil eouhl he inerensed by adding ,, 
curium proportion of uni,.ml or vegetable oil 
to it, seme experiments on various mixtures 
wore made. It wax found that tl,<, midi Lion of 
Rape ei! m any proportion to the mineral oils 
did not appear to momiso Mm pDiuIimiiy very 
appreciably-,,,, i tie reuse of ().o i N , r ttonf; was 
noted—but the critical tmnperaturo of (he 
oil to which tho addition of Rape WHH 

tliffoi'iMe if < ; 0nH1,,< ’ l ' lU1 - V ’ T,,i » of raising 

tliou tea 1 tompera ture could bo obtained with 

the addition „f „ H » ma ]| a quantity of Rape 

Slrr COn , t ', a, 1 “ i tbiH am,mat ,,p 

n •rbid’ I - <!0nfc ‘ K ,,otw l*|Hnr to make ».„y very 

“5 t n , i"!!T ,V “« Wlt ,lH n ’ WUr ‘ ,H «•»»»»»■»« the 

oiitienl point, I he general eD'oet of varying 
t « percentage of Rape oil added to a n,inend 
o .H «l.own in Fig, 51. Kxpertmrmts won! 
ft .so nrndo on tho oJTo.ot ,if adding Cantor oil 
m various proportions to a mineral oil, and 

of ill ™ 111 <■«*» 

Ilim r 1 !' 1 ', Tn ‘^tormino whether 

to tlm 5 ° f the fixed oil 

to tho mineral oil was duo to tho fatty acids 
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contained in the fixed oil, the following com¬ 
parative tests wore made : 

(1) Teats on Baynnno oil alone. 

(2) Tests on ."Bayonne oil with 10 per cent 
of acid Rape added. 

(3) 'I’csts on Bayonne oil to which 10 per 
cent of Rape oil, from which tho fatty acids 
had been removed, was added. 

{■!) Tests on Bayonne oil to which 1-0 per 
cent of Rape oil fatly acids had been added. 

The results are shown in Fig. f>2. If, will lie 
seen that the effect of adding 1 per coat of 
fatty acids to the Bayonne is fo produce a 
marked improvement in the efficiency and to 
raiso the critical point from 47° 0. tn UT CJ. 
The addition of the Rape, oil from which tho 
fatty acids had been extracted produced, on 
die other hand, practically no improvement. 
The general results of tho‘teats may therefore 
1,0 «s confirmatory of tho hypothesis 

that the fatty acids in tho fixed oils uro (ho 
main factors in the relatively greater lubri¬ 
cating clliciency of these oils. 

A series of experiments was also imdcr- 
lakeri to determine the cfloofc of adding 
deliooimlntod gmphito to tlio oils. Th| H is 
a special propnmtion of graphite in u finely 
divided state which when mixed with oils 
Tonus a colloidal mixture failed “ Oildag,” 
from which the graphite cannot he. separated 
hy mechanical means. The general oiVceta 
adding Oildag to the lubricants was as 
follows: 

'I'rottv.r anti /f«pr. - ( Jrnorni lubricating 
clliciency undirected by the addition. 

Castor.- A small rise (about ().fi ]H , r 
in Hie cllieienry due to the addition was 
observed. 

Ji<i}/t>nvc.- -T]w temperature efficiency curve 
did not slow (he characteristic crilical point, 
(ho clliciency falling gradually with rise of 
ternjieruturo up to 80 " (.!, 

FFF Cylinder .—A small incroiiHo of ofllol- 
enoy (0-2 to 0-1 per cent) due to tho addition, 
mid a rise of Dm critical point from 72" (!. to 
fill 0 R. was noted. 

Vutnry Knl. — The critical period was 
smoothed out. and a rise in the olliokmoy of 
uhoiit. (>•/> per cent was noted. 

The general results showed that the addition 
of the Oildag was to reduce appreciably the 
dimironecs between the mineral oils and to 
bring their hihriunting cllieiencics to ucnrlv 
the same value. 

Oildag appears, therefore, to have Hie effect 
of rendering an inferior mineral oil an good a 
lubricant, as a superior one in that it nut only 
raises tho lubricating value of mi inferior oil, 
but considerably reduces the rale of fall .if 
ellieionoy which usually occurs at tonipern- 
lures above the critical value. 

(vi.) Tests on the. Atltlilion of VMtrd (iraphitc. 

I to the. Lubrieuiila.- The residls of the use in 
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tlm testing gear of a mechanical mixture of Tho results broadly indicated |), H [ ; (.]>, 
oil and graphite in a finely divided stale Avns addition of graphite to (lie oils tested him a 
also tried, in these experiments tho graphite small hut appreciable heuolieial elfcHifc on <I• ( >fr 
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tho churning action of tho pump and gears, that this would he the (•use with all oils. 
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which the surfaces in contact arc pressed 
together. 

Coefficient of Friction: Awjlc of Repose .— 
The value of this fraction is called the co¬ 
efficient of friction/, and depends on the nature 
of the surfaces. For example, in Fuj. i>3 let 
X'Y ho the trace of tho surface of contact, 




and let P, inclined at an angle <f> to the normal, 
he the resultant force 
oxoiicd on one body 
by tho other body. 

Then the force with 
which tho bodies are 
y pressed together is 
P cos <j> and the lateral 
force tending to ninko 
them slide over each other is 1’ sin </>. Now 
by the law of solid friction I’ sin tj> cannot 
exceed I’ huh 1/1 without sliding biking place, 
and therefore at the instant of sliding 
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P sin </i =/P cos i/> 
or /=tan </>. 

It follows, tlierefore, that tho greatest angle 
of obliquity of the resultant pressure to tho 
normal to tho surfaces is the angle whnho 
tangent is the enellieient of friction. This 
angle is called tho angle of repose, and a know¬ 
ledge of its value for various substances is 
important in the design of engineering 
structures. The following table is commonly 
used by engineers, and is based on that drawn 
u]* by General Morin after very extensive 
investigations; 

Taiii.b 1 


Dry iimfionry and brlok- \ 
work J 

Timber oil stone . . . 

Trim on Hleiio . . 

Timber on timber . . 

Timber on metals . - 

Metals oil metals . . . 

Masonry on dry oluy 
Masonry on wet day 
lCartli on earth . . . 


/. 


O-d-O-7 

ai 0 .»fi o 

About (M 

22° 

0-7-0-3 


0-5-0-2 

20°'C-ir 

0-0-0-2 

;ii°-il" 

0-2B-0-15 

M°-8 ,> -5 

OBI 

27° 

(KM 

18° 

0-25-1 •(» 



When once sliding has taken place the 
frictional resistance may retain the value 
which it hud at tho instant sliding began, or, 
ns is commonly the ease, its value may ho 
appreciably reduced and take up a value which 
depends on tho relative velocity of tho surfaces. 
It will bo clear, therefore, that between tho 
surfaces of solids in contact there may be two 
kinds of friction, (l) the fnotional resistance 
boforo sliding takes place, and which may have 
any value up to the limiting resistance depend¬ 
ing on the normal pressure and tho coefficient 
of static friction, and (2) the frictional resist¬ 
ance when sliding, in which tho ooofiieionb of 
friction limy ho smaller than tho statical 


tm 


coefficient', and which may also depend to 
some extent on the motion. 

§(32) Static Fhiction. — 'The subject of 
static friction is of considerable importance 
in the theory of tho stability of engineering 
structures,- and has received much attention 
on account of its witlo application in civil 
engineering practice. In the design of struc¬ 
tures consisting of masonry and brick work, 
it is assumed that the pieces are in con¬ 
tact over tho piano surfaces which constitute 
the joints, and that the mortar nr cement used 
for bedding the. surfaces together is incapable 
of resisting any forces oilier than eompression 
and friction. It is obvious, therefore, tliid: an 
essential condition for the stability of the 

structure is that Gin obliquity of the pressure 
should at no joint oxen si the angle of repose 
for the materials. 

As mi illustration of tho application of tho 
data of Table f. the _ T - 

stability of tho 
ImttrosH in Fitf, fi t | 

may bo calculated. 'g 

This is supposed | 

to bo made of 
strong brick work, ■bj- 

woigbing 112 lbs. J 

por cuhin foot of £ 

the dim elisions T 

given in the cross- „ 
section, mill or a ^ 

uniform width of 
fi feet. Tho but¬ 
tress has In mis- 
taill two inclined 
thru sis applied to 
it. at tho points in¬ 
dicated, the upper 
ouo lining tho thrust of n roof principal which 
is fi tons, in el hied at ail atiglo of lit) 13 to tho 
homoutal, and the lower ono tho thrust of an 
aroli which is 8 tons, inclined at an imglo of 
15° to tho horizontal, It is evident that tho 
joints which are most liablo to slide are (iff, 
where tho thrust of lha roof is applied, and 
the joint immediately below the point of ap¬ 
plication of the arch-thrust which is at T) F. 
If these joints are sen lire the stability of the 
others need not bn investigated. (Joi mi doling 
tho joint (III, tlie lateral force tending to cause 
sliding is fi«os30=4.*32 tons. The weight of 
the buttress above (III is 2Ml tons, which, 
addod to tho vertical component of the. thrust, 
gives a total normal pressure mi the joint of 
21-1 tons. Tho maximum resistance to sliding 
may bo "calculated from the value of / Cor 
brickwork, which from the Table in §{i!L) is 
seen to bo •(!, and is therefore M-«t tons, or 
nioi'o than three times tho actual lateral force. 
The joint is therefore safe. 

Again, taking the joint 1CK, the total 
lateral force on tho buttress above UF in 
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f> 30 8 cos Id =4-32 -|- 7-75 = 1^-07 tons. 
Tho weight of tho buttress above liF is 
tons, which, added to L-lies vertical components 
of tho two thrusts, givos a total normal press* 
me mi the joint of tons. The maximum 
resistance to sibling is therefore •(( x *18-8 or 
2i)-3 tons, or more than twice the lateral force 
duo to the thrust. Tim buttress is therefore 
safe ns regards hitornl movement. To complete 
the investigation it would, of course, be neees- 
saiy to consider the resistance of tho buttress 
to overturning or crushing at any joint. 

Jj (.'13) Tiik Fwctionai, Staiijmtv ok 
Kartii. 1 —-A structure of earth, whether pro* 
(tucod by excavation or ombnnlcmenfc, pre¬ 
serves its liguro partly by the friction between 
its grains and partly by means of their mutual 
cohesion. It is by cohesion that: a bank of 
earth is enabled to stand with a vertical face for 
a few foot below its upper edge, whereas friction 
alone would make it a.ssomo a uniform hIojk:. 

Tho cohesion of earth is, however, gradually 
destroyed by (ho action of air and moisture, 
so that its friction alone is the only force which 
can ho relied upon to produce permanent 
stability. It ih thcroforo customary to treat 
tho stability of a mass of earth as arising wholly 
from tho mutual friction of tho grains, and to 
talco as the basis of all investigations on 
stability tho principle that tho resistance to 
displacement by sliding along a givon piano 
in a loose granular mass is equal to tho normal 
pressure exerted between tho parts of tho mass 
on cithor side of that piano multiplied by 
a specific constant. This constant is tho 
eoolTioicnt of /notion of tho mass ami is the 
tangent of tho ntiglo of roposo. 

Now in a granular mass any plnno whatever 
may ho considered ns a piano joint, and honoo 
it follows that the condition for tho stability 
of a granular mass is that tho direction of tho 
pressure between the portions into which it 
is divided by any plane should not at any 
point make with the normal to that plain 
an angle greater than tho angle of roposo. 

Again, it follows, from a consideration of 
the •distribution of internal stresses in a solid, 
that tho piano at any point of it on which tho 
obliquity of tho pressure is greatest is porpon- 
dioiilar to tho piano which contains the axes 
of greatest and least pressure, so that tho 
pressure of greatest obliquity and tho greatest 
and least pressures are nil parallel to one plane. 

I lie relation between them may therefore 
bo obtained from tho stress ellipse of a body 
subject to pressures parallel to ono piano, the 
equation of which is l ,2 -o a sin 2 a-i-6 3 cos 2 «, 
whore I> js tho stress on a plane whoso 
normal is inclined to tho axis of y ft t ftn 
anglo a, and a and i> ar fl fch 0 maximum ami 
mmini"m stresses. Thus, in Fiy. Dfi, | et 
0A ~ W » "nil lot zz ho a piano whoso 

1 See linn khio*s Applied M echo Hies, p. a 12, 


normal makes nil angle 0 with (Ml u .|i< ‘ 1 
represents the stress" on xs. Tim i,,,.-!** 
therefore represents the obliquity of (j*«’ 
01123. Also, if It is tho middle' point- *' 

PQ=«~/>, Rl»=:ltQ=RA| ; h * 

mid evidently the angle MOQ j s 
whou JIM is perpendicular to (),M, 


Maximum anglo of obliqiiii,- 


uni * 


y •■hiii 




>>i*y 


lq II 


it A 


*l >- 



idu. r.ii, 


and in that case OM a - («-j- f>/ 2 )S _ 
or stress on zz~ \ r ab. 

Again, for any valuo of the 
have, if OM=p, 

( ! r) , -(’r) ,+ ''-*(S + -)'- 

or „ ()s p t 

which gives tho relation between (lie n m s * 
and minimum stresses and 
obliquity to the piano 
on which it acts is II, 

Now in the case of a 
mans of earth whoso 
upper surface is either 
horizontal or inclined 
to the horizontal at a 
definite angle, it is 
clear that on any plane 
parallel to tho surface, 
and whoso depth below 
the surface is small compared with tlm lx*,I 
dimensions of the siufoco, tho pj-esnttn 
vertical and of a uniform intensity onui 
the weight of the vortical prism siumlitiM 
unit area of tho givon plane. 

Further, it follows that tho strewi or* 
vortioal plnno parallel to tho horizon in I t I 
of tho first plane must ho in a din 
parallel to tin's plane, for onnitidorjiit.r 
equilibrium of a small prism 
A IJ(IJ) (Fig, fid) whoso centre 
is at () anti whoso faces are 
parallel to XOX and YOY, 
it is evident that tho forces 
oxorted by tlio cithor parts of 
the mass oa tho faces All 
and CD are directly opposed 
and that thoy mo inde¬ 
pendently balanced. Tho 
forces on AC and 111 ) are therefore indiq.. 
ontly balanced, which cannot ho the ease u r 
their direction is pnrallo! to YOY. Wr,. N 
related in this manner are said to he mnjujjr. 
stresses, and it is ovidont that their obli.|uiV 
to tho planes on which thoy act are (lie mi m 
If, therefore, wo consider in Fig, fib mint 
stress p' which is oonjagate to p, i'.e. II' it 
have 


Ax 


X-' 


C 


X 


II 


l> 


iX 
Fill. Ml 


(tyb p + p' a-b 
2~ ~2 eos O' nnc 2 : 


/(Pi-v'y 

'V \2 eon ll J 
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so, if <p 1)0 the maximum obliquity, it follows 
it, since 


(pp')-_coa-0 
4pp' cos'- (/>’ 

. p and }>' are the roots of the quadratic 
P' 2 - 21* cos 0 - 1 -cos 2 <j> —0, 
p' cos 0 - xJcoh* 0 - cos 2 0 
V cos 0 + \/cos* 0 - cos 2 1 /> 

Applying this condition to the equilibrium 
n muss of earth in which one conjugate 
nio is a piano parallel to the surface of the 
rl.li and at a depth h below it., it is evident 
at the pressure per unit area of this plane is 
i cos 0, where w is the weight, per cubic foot 
the earth and 0 is the inclination of the 
rfneo to the horizontal. The prossuro on 
o other conjugate plane, which is vertical, 
as we have seen, parallel to the surface, 

16 as regards its magnitude it may he either 
o greater or tho smaller of the two con- 
gate pressures; t.c., calling this conjugate 
■ensure p, tho value of p may he either 

, „ cos 0 - n/ooh 2 cos 2 0 

Wk COS 0 ... 

cos 0 I- V cos 2 0 - COS 3 0 

7 „ cos 0 -I- \/ijos 2 0- cos 3 0 

ton COS 0 ... 

cos 0 - VCOB 2 0 - cun 3 0 

To (ind which value to take in any spocial 
so, rcoourse is had to a statical principle 
iowii as Moseley’s Principlo of Least Resist- 
too, which is staled as follows. 1 if the forces 
hi oh balance each other in or upon a given 
«ly or structure ho distinguished into two 
■atoms called respectively uotivo and passive, 
hich stand to cnoh other in tho relation of 
aise and oft'ect, then will tho passive forces 
) the least which are capable of balancing the 
jfcivo forces consistently with tho ])hysioal 
mdition of the body or struoturo. 

This proposition may bo regarded as sclf- 
rident, since tho passive forces being caused 
y the application of tho active forces to the 
)tly or structure will not increase after tho 
stive forces have been balanced by them, 
id will therefore not incroaso beyond tho 
nut amount capable of balancing tho uotivo 
i rocs. 

Tn a muss of earth loaded with its own 
onght tho gravity of tho mass is evidently 
to active force and tho lateral pressure tho 
issivo forco, and, therefore, tho latter will 
ivo tho least value which is consistent with 
io conditions of stability. In tho case, 
iorefot’ 0 , of a bank of earth with a plane 
pjior surface, tho pressure parallel to tho 

1 Hanltlne’s Applied Mechanics, p. 2ID. 
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steepest declivity on a vertical plane at a point 
distant h below the surface is 

, „ cos 0 - s/cus 2 0 - cos 2 0 

Wh COS 0 - 

cos 0 + yens 2 0 — cos 2 0 

or, if the ground surface ho horizontal, 

, 1 - sin 0 
wh,- 
1 +8111 0 

To find the resultant pressure against a 
vertical plane of depth If below the. surface 
it is evident that, since the pressure is directly 
proportional In the depth, we may apply the 
ordinary rules of hydrostatics, from which tho 
centre of pressure is two-thirds of the total 
depth from tho surface and tho resultant force 
is 

«>H 3 „cos 0 - \Ws 2 6- cos 3 0 

- . COS 0 - 

- COS 0 + V COB 2 0 - COS 2 0 


§ ( 34 ) Cask ok thk Suiu'outinu Power ok 
Eautii Foundations, (i.) Theory ,—In tho 
caso treated ulmvo tho conjugate pressure 
was caused sololy by tho vertical prossuro 
duo to the weight of earth nbovo tho point 
considered, and its value was thereforo the 
smaller of tho two eonjnguto pressures. 

It is evident, however, that this conjugnto 
pressure may lie increased beyond this lenst 
amount by the application of tho prossuro of 
an external body—for example, tho weight 
of a building founded oil the earth. In this 
caso tho conjugate pressure will he the least 
which is consistent with the vertical pressure 
duo to tho weight of tho building, ami if that 
conjugate pressure dees not 
exceed tho greatest oon- 
jugato pressure consistent 

with tho weight of tho earth -- 

ubovo the stratum on which i 
tho building rests, tho mass 
of earth will be stable. The 
most important caso in 
praetico is when the snrfaoo 
of the ground is horizontal. 

Thus, in Fig. 57, let p bo 
tho intensity of tho prossuro 
on a horizontal stratum duo 
to tho weight of the building. Thou tho 
horizontal conjugate prossuro p\ boing tho 
passive forco, is given by 


. I - sin 0 
* =p lT*n 0 ’ 


Tho oftcol of pf is to enuso an upward thrust 
on tho earth immediately above tho footings 
of tho foundations, and calling this p", thou 
since p" is also a passive forco, 




1 - sin 0 
1 -fain 0 ' 


Now p" -wh, where w is tho weight per cubic 
foot of the earth and It is tho ..epth of the 
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foundation below (lie surface of f.ho ground 
and therefore 

\ 1 ~ HOI '/’/ \ 1 - Sill </i) ' 

It is evident that, if h lias a less value than 
that given by this relation, Uioro will bo a 
tendency for the building to sink into the 
ground by forcing (he earth upwards. 

h, therefore, j H a minimum value to tho 
depth of the foundations. 

Again, if tho depth is such that there is n 
tendency for tho earth pressure to overcome 
tho pressure clue to the weight of masonry, 
as m (he case of tho floor of a dock before 
tiie water in admitted, then p" is the active 
force, and 

\ 1 + Hill </>/ 


Ta hue II 
Duv 8 aNO 


By Jtmikinn theory 
By 

experimental | 
measurement of J 
tlui pressures J 


Hallo of I'lc.omi'. 

i*. 

Mrixlinuiii. 


-Mitiu. 

0-3311 

(1-200 

()-:i2o 

0-33<i 

o-;io5 

0-310 


or 


\1 -I-Hill ijt) U*l- 81110/ ’ 


l lio value of h determined from this relation 
gives a maximum which cannot ho exceeded 
without danger of the masonry being forced 
upwards, 

In applying this formula it must ho romotn- 
bored that by hypothesis tho lateral extent 
of tho muss of earth is Inigo compared with 
the .depth. When this is not tho ease, as in 
the region at Uio hack of a retaining wall, the 
motional resistance of tho wall will affect 
tho pressure distribution. It Fins I,con shown 
by UousHincsq 1 that at a distance a- from 
tho fuco of tho retaining wall, if o bo the 
angle of friction between wall and earth, and 

rt ;7i Hm 4,10,1 fr»' x less than 

u/i the 

Horizontal pressure+* ton 

I -I-« tan 0 

Vortical 1 )rosH.iixi= w ( / ' + * 1,1,1 
1 I- a tan (I 

Tho ratio of tho pressures is « 2 ft s in 
Rimicmos theory. When *=0 tin, horizontal 
niu vortical pressures become wha 1 /1 -I-a Inn 0 
, ' , a tan 0, and the tangential forco on the 
taco is evidently wha 1 tan 0/1 + a tan 0. 

(ii.) Experimental Verification.—' Tho limits 
or accuracy in practice of the Iknkino formula 
has boon tho aubjoot of several very careful 
experimental investigations, and it has boon 
tmmd that provided tho material is porfcotly 
fieo from moisture the accuracy is remarkably 
mgii. Ihus m some experiments by Wilson' 0 
on dry sand, tho following results wore obtained 
1,0111 fIiroofc idison-ations of the ratio of (ho 
'iro^umH. ami by calculation of tho ratio 
Him tho observed angles of repose of the 

\Hil ll,le r Vrt/reediitgn rn.it. O.E. Ixv ■* | .f 

I roc. hist. Civil Engineers, i 001-2, eVlix.' 
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angle of repose wore obtained in two ways 
one by placing tho sand in a heap and subjcct- 
mg it, to vibrations until tho surface had taken 
up a de/inito slope, and tho other by p| ft( .j» Lr 
the sand in a box with a sliding end which 
was opened gently after tapping. Tim ex¬ 
treme variation in the value of (ho observed 

thM0 " IOlll,)<l8 W|,H fn»m 

The pressures were obtained by pluoini? 

. 0 ,? iumI 1,1 11 wmt-imn cylinder 11« inelies 
m diamotcr, 14 indies deep, provided with 
movable pistons at tho top and bottom ends 
the pistons being compressed between tlm 
platens of a 100-ton testing inaeliino. In 
this way prossnm equal to that due to a depth 
f 1.14! feet was obtained. Tho instrument 
used for measuring tho pressure consisted of 
two steel discs of :} indies diameter, separated 
»y II ring, nnd containing mercury, the dis- 
1> aeiunent of which duo to the pressure was 
lolul. Jiy placing tins altornutoly jiaralld 

wl.ioTiln fc n f fc ? Kk!H tn ' " m in 

Which the external pressure was applied, it 
was possible to dotomiino tho ratio of tlm 
two externally applied pressures which gave 
the same displacement of the mercury and, 
therefore, the same pressure on the gauge. 
I-mrn the fact that the relation between the 
° m a . n ' 1 «nuge indications for any position 

hclw l ,0,U ; O,U ’’ iL f, ’ llmvcd tll,lt «W ratio of 
the two loads was equal to the ratio of the hori- 

' u ' 1< i l , vort,t,al Prossimis for tho same loud, 
s (3.)) Itmxrr of Moihvuuk on tiik 8t,ui. 
IMTV ot- J0A.rrn.~It is. well known that the 
‘ . of moisture is to increase the cohesion 

and hence the stability of earth and sand. 

ius is duo to the surface tension of tlm 
h in of water separating tlm grains, tlm amount 
I tlm traction depending on tho amount of 
moisture,_ It was found by Wilson that, 
commencing with sand initially dry, the forco 
between the grains increased with tlm per¬ 
centage moisture up to a certain point ami 
then decreased but so long as tho interstices 
wore not entirely filled with water there was 
a ". mo toaofcivo force, anil lionoo tlm ratio 
of horizontal to vertical pressure should lie 
loss than that for dry sand. On carrying nut 
ft series of experiments on sand containing 
varying percentages of moisture in tho appar. 
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ntua described above, Wilson fully verified 
tliese conclusions, tlio ratio of the pressures 
corresponding to the varying degrees of 
moisturo being ns follows : 


tadi.k tri 
Wkt Sand 


Mean ratio of liori-'i 
v.onta! to vertical 
pressure I 


Percentage nf Water. 

12. 




c>. 


■221 


■212 


17. 


■280 


It is of interest In note that tin: minimum 
viiliie of the ratio is obtained when the 
in torsi ices are half filled with water. It j H 
elviir, therefore, tlmt, in the design of masonry 
diinia or retaining walls to withstand earth 
pressure, the use of Unnkiuo’s formula with 
a value or the angle nf repose determined 
from experiments on the dry material will 
give a result which is on the side side. 

§ (Mi) Tun Ki.nkth: I-’uutkin or buy 

Soldi) StJltl-’ACKS..As mentioned above, when 

once sliding lias eommeneed hetween tho 
surfaces of two bodies in contact, there is in 
tho majority of eases a sudden fall in tho 
amount of the frictional resistnnee so that the 
eoeflieient of kinetic friction for two Hiihslanees 


is usually less than tlm eoellicient of static 
friction, Jen kin and Kwing 1 have shown that 
for hard snlmtiinees such as steel on steel the 
two eoellicieiils are eipial, but when one or 
both surfaces are of relatively softer material, 
such us brass or grecnlieurt, the eoeHiehmt of 
kinetic friction iN less Mian that of static. 
They also found I hat when the two cn- 
ofiicii’nfs dill'er, (lie change, at low speeds at 
any rale, is not iiistaniauemis at the instant 
at which relative mol ion heirins, but takes 
plaeo gradually and without disci ml imiily. 
Cases have heel) noted by K im ball in which 
tho coeOieient of kinetic friction is greater 
Hum that of static friction, heather on cast 
iron appears to he nil instance of this. A 
marked falling off in the value of the eoeilieient 
of kinetic friction as the relative speed of 
sliding is increased appears In be a universal 
ohn motorist ic of dry sliding surfaces. There is 
also in many eases a further progressive fail in 
tho value of the eneflieiont with time which in 
probably due In the uhnisivn notion nf flm sur¬ 
faces tending to produce gmt ler smoothness. 

fi.) I'lxpi'.ri mails mi lint It Hind's,- I loth of 
these oliuraet eristics are noticeable in the 
results of Captain (lallon’sexperiments mi 
tho frictional resist alien of csst-inm brake 
blocks on filed waggon wheels, as will lie 
seen from Table IV. 


’ Phil. Trims. II,S. rlxvll,, pai l. ||. 
" Hltuhinriiiti, xxv. •!«». 


Tahi.u IV 


Helativc Velocity 

Cin.-ltlLli.nt ill Krlrt lou. 

of Untki* nml WIiclI 
in AMU’ii jicr 

Kind ,1 

HcLiimla. 

' n lo v 

BitihuIh. 

12 to HI 

StHnoiiJn. 

21 

ttl'CO. 

eo 

•002 

■051 

■0-18 

•013 

CO 

•10 

•07 

■05(1 


<10 

■134 

•10 

•08 


30 

■184 

dll 

•01)8 


20 

•205 

•J75 

■128 

•07 

10 

•32 

•20D 



c 

•30 


1 

•• 


A similar reduction in resistance duo to 
increase of speed was'found in Captain G'alton’s 
experiments on the frictional resistance of 
locomotive driving wheels on steel rails. 
These results are shown in Table V. 


Taiu.k V 


SlMTil 

In SI.IMI. 

ewiudcnt 

Ilf I 1 ' rli-.tli.il. 

Hpcnl 

In M.IMI. 

C-Vnidout 

nf Pi'letlnii. 

10 

•11 

38 

•057 

tr. 

•0(17 

<15 

•051 

25 

•(IS 

no 

•04 


It may be remark,d that similar speed 

III the esse ,.f .. . driving 

wheels on Steel rails was found by M. |*«jrfa! 
Imt the actual values of I lie eorliicieuls wore 
about twice those given in (be table. This 
(inference was probably dm t„ Um state nf 
the atmosphere during the trials, which is 
known to have a considerable ellVct on the 

frictional resistance. A ..non net, of nilen 

for driving wheels in dilfeiv.nl condition ■ = • 
an followa: 

Itails very dry- frietimin' 
pur ton. 

J bills very wok friction« 
par ton. 

Itails in ordinary Knglhdi 
resistance <|fi() ||is. pei 
Ibiilu in foggy weather- f 
11(11) Ills, per ton. 

Itails in frosty and snowy won flier- frietio 
resistance 200 lhs. per Ion, 

(ii.) Ii'ridion of H'o rat /'’nftnV.y.-■ In ]<•(•, 
practise the use of metal as a imitcrinl for 
friction miiTneett of the hruke hlneks of rnilv 
eaiTiagen and the dutches of motor vehic 
has Iiccii in ninny ennrn discontinued ow 
to the discovery flint woven fabrics can 
made which, when used ns linings for lira 
and dutches, give a higher eoeilieient of f 
lien with greater dissipation of heat willn 
binning mid sparking, mid have a mi 
greater durability than can he oMnii 
with metals. 

One of these materials is known an 
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Ferodo fabric, which consults of layers of 
woven asbestos bonded together in a special 
manner. 

In an extensive series of tests at the National 
Physical (-laboratory the following results were 
obtained: 


Material. 

Pressure 
I,Ih./S((. In 

Work absorbed in 
Kt.-lbs./Si|. In. 
per Minute at 

1000 Ft. per Minute. 

Forodo litre . 

CO 

30,000 

Forodo bonded 1 



asbestos com- J- 

GO 

18,000 

pressed ! 



.Standard . 

50 

15,500 


The value of tlio coefficient of /notion 
obtained and the work absorbed with Ferndo 
fibre at dill'eront speeds arc given in Table VI. 

It is claimed that the average life of Forodo 
blocks on the ears and trailers of the London 
Electric Railway is respectively 12,000 and 
22,000 miles ns against 8000 for cast-iron blocks. 
With cast iron at ,C0 per ton, tho economy 
per block- per 1000 miles is given as 0-75 pence. 
As many ns GOO brake applications arc made 
by each train per day, the averago speed, 
including stops, being 17-17 miles por hour, 

TAnr.ii VI 

Tests o.v Ferooo Fxbhb 


with I'cmdo brake blocks is approximately 
30,000 per ,',,-ineh radial wc-ar of Lhn lyre 

■m 
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of the 


Pressure 
Lb3,/Sq. In. 

C'oemclont of Friction. 

Work absorbed In 

1' t.-llw./Sq. In. per Minute. 

Speed 

COO 

Ft. per 
2000 

[Inutc). 

5500 

000 

Sliced. 

2000 

6500 

1G 

27 

20 

1 30 | 

•73 

•70 

•04 

■03 

•04 

•50 

12,000 

70,000 

80,000 


and the averago mileage per sot of blocks per 
car being 10,410, 

The deceleration averages 5 feet por second 
per second as against 3 feet per second per 
second with metal block. With this increased 
deceleration services liavo been speeded up 
to 11-minuto headways during “ rush ” hours 
The more rapid braking of the trains has 
also led to a higher poreentngo of coasting 
minutes, tho tests showing that coasting is 

time 1 na 38 P<H ' fi0nk ° f fcho totftl ruun ‘ n g 
Notwithstanding this high rato of braking, 
there has been an entire freedom from accidents 
to passengers, and there is also n very consider, 
able improvement in the tyres, the surfaces of 
v, !'. ch n , ro '"b'bl.y polished, and thoro is an 
entire absence of cutting and scoring. The 
economy in this respect is shown by the foot 
that die imleago of motor wheels provided 


compared with 7000 in tho oaso of metal 
blocks. 

An illustration of tho application 
fabric to a clutch is shown in Fig. 58. 

§ (37) The Tkansiiuwon oy I'tnvuii uy 
Vmanm. (i.) Bells .-One of tho most non- 
voniont methods of tlio distribution of power 
from a control supply to a numbor of small 
machines is by menm-i of 
belt or rope <1 lives front 
pulleys on a lino of shafting 
driven by the prime mover, 
to corresponding pulleys on 
tbo various nmoJiinos. 
UJion tho pulleys urn at 
rest and no power is being 
transmitted, tho tensions 
<m tho two sides of Mm 
! , | olfc «l«»lj but when 
the driving pulley com. 
monces to rotate, slipping 
.. of tho surfaces of Um 

pulleys over the surface of tlio boll; is pro- 

null ,v n y n0fciO, ,V ,UU J tho driven 

t,Ul<!S Tho J•elation 

ifa 2s l zr •" » w . . 

officient of friction of 
the bolt on the surface 
of tho pulley may ho 
found us follows: 

Lot 0 in Fig. fiO be 
tho whole are of con- r 
tactof tlio holt over tho L 
pulley. Ckinsklor any 
oloinent (Is of tho are 
of tlio bolt of which 

Uio tensions at fcho ends aro T and T -j- <VI’. 

, wn lf ll ° ,J0 tho angle subtended by d# at 
tlio centre, wo hnvo resolving along the radius 

(T+!T)»m| +T 8 i„|-B, 


»T+(JT 
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ilm normal pressure, of the clement of belt rf« 
on the surface of Mm pulley. TIiiih lU-TJtf. 

Mho resolving perjxmdioidnr to lint radius 

-i- oT) cos -T cos J'Yietiou^dt -- oT. 

Wn havo therefore r/'l’whence 
|>y integration over tlm wliolo arc of oonlnet 

’JV'JV':'"'- 

For leather bolls working on iron pulleys 
/<- I ms boon foimil to range from (Kl to <M. 
h'nr wiro ro|id running at lh« bottom of n 
grooved (inllny n O lo. A common value 
tor 0 in l bo ease of loafbor ImllH is 2-b radians. 
Taking n IKI Ibis gives T,/T» 2, or tlm 
tension on Ibn tight. side is twioo tlm tomiion 
un tlidiilark side. I'W approximate oii-huilalinn 
’Hj-lm si/.o of a licit to transmit a given lmm> 
jiiiwtn; '\\hl\'l'i ■< Ti.OOl) 11.1'. transmitted 
wIirid V in the velocity of tlm nmfacn of tlm 
pulley iiKIVot per mimile, h in tlui breadth 
and l tlm thickness of tlm bolt in inches, and 
T, in tlm maximum working tension of leather, 
which may bo taken an ci|iml to about IHiO llw. 
per Hquaro inch. 

(ii.) tifj'rcl of *S7i’/i/ii«|/. Holts am not lined 
in (iuhoh in which a-very exact velocity ratio 
between tlm driving and driven iilnifla in 
essential, on account of the tendency of tlm 
bolt to slip over the mirtnce of the pulley. 
There in also a delinitc amount of slipping 
which fol I own an a onimeq nonce nr tlm olmilieily 
of Urn holt. Tlm uiiioimt of thin slipping may 
ho estimated mi follmva. The actual iiiunh or 
tlm bolt which pannes any llxed |Kiint either 
on tlm light Hide or tlm alack aide in unit 
limo ia tlm an me. let l () lm tlm length of 
thin mans when the letmioii in zero, mid h't t>, l 
and K he tlm luoadlli, thickness, and modulus 
of olaatioity of the licit. Alan let T, and T a 
be tlm lou'shuis on tlm light and alack widen 
of tlm holt. Then on the tiV.ht. aide tlm length 
panning any fixed point in milt time will ho 
/ 0 (1-I-'!',//»/i 1 !) and on the alack side Urn 
oomispnnding length will bo f u (l I T a //i/K), 
audit inovblent, therefore, that liman numlimi 
will I'opreHont Urn velocities of Mil* bolt on tlm 
light and alack widen, i>. tlm velocities on tlm 
tivo sides will bn in tlm ratio of ( I i T JhtK) 
to I'l). Kurthor, it ia oiiay l» show 

that tlm velocity of the surface of the driving 
pulley iiuinIi Im equal lo that of tlm light aide 
of the licit, and Unit Urn velocity of t lm surfiuio 
of the driven pulley nmat bo equal to that of 
Mm alack aide of the bolt. Thun tlm bolt 
cornea on to the mtifaeo of tlm driving pulley 
at teiiHiou Tj and leaven it at a lower leiwion 
T a . It litia therefore coutmolod while in 
contact with tlm pulley, and it ia evident that 
the nature of thin contraction nmat ho a alip 
against tlio frictional force exerted by the 
pulley, with tlm reault Unit tlm bolt continu¬ 
ally nlipa over tho anrfaeo of Urn pulloy to the 


:«>r> 


point whore it lirat innkos coni act. In Urn 
Hiuno matuior tlm belt comen on the driven 
pulley at a leiwion T a and extension taken 
place gradually from the point at which con¬ 
tact hegiiiH (o tlm point at which it leaven. 

Now ilm work delivered to tlm driving pulley 
ia (T'i -T.,) /if x {velocity of surface of driving 
pulley) and tlm work eomiminieatcd lo the 
driven abaft in (T, -T a ) hi x (velocity of anifaeo 
of driven pulley), i.e. tlm e.llicioiiey of power 
transmission--(1 l- 1 i-T,//>il'<), 01 ' a P" 

proxiniately I - (T, -T a )//>Mi. 

1‘sx ,—Tlm vnlcc "f Voting's iiunliiliiH for leu 111 in" 
ih approximately 211,000 lbs. per si|. ia. Assuming 
T.ra2T„ which will be the nine when the cncIlioiciiL 
of friction in it (mill. <K» mill tlml. (lie maximum 
working Icnsiim nf a leather belt in 1121) lbs. per w[. 
in., wo bavo 

I'ltlicicimy of IniiiHiniNHion l — ■OlU--t)H"l percent. 
Tho amount of slip is therefore HI par coat. 

(iii.) b'ridion Drive .—Another instance of 
tlm tmiiHiiiiuaion of power by friction ia aeon 
in the attempts wliicb have, boon nmdo to 
Mill inti to to a friction drive for tlm ordinary 
spur gear iirraiigemoiilH continonly adopted 
in niolor unni to uhlnin variable and reverse 
npccilH. 'I'liiH lias been successfully OiMTieil 
out in Urn well-known “ (5.W.K." motor ear, 
in wliicli tlm friction gear takes Urn form of a 
metal disc driving a ii I ire-faced wheel at right 
angles In it, the speed variation being obtained 
by varying Urn dislnnc.e id I,lie eont.ru of the 
llbic-fucc.il wheel from tho axis of the metal 
driving disc, lloveraal of direction can, o) 
course, bo obtained by moving tlm driven 
wheel lo the opposite side of the disc axis. 

In the ease of the “ <l.W.K.” ear the driving 
disc is lixeil axially, while (lie driven wheel, 
which is capable of being moved along ils 
shaft lo obtain Urn various gears, is pivoted 
at one Olid mid pulled towards tho driving 
disc by means of a spring at tlm other end. 
This is ho arranged that Mm contact pressure 
between Mm two friction elements is lightest 
on lop gear mid iueroiiHOH us the gear ratio 
is lowered, Tills method ban an obvious 
advantage over one in which Mm pressure 
between tlm wheels is constant at all speeds, 
since the nmount of tlm pressure must bo iixocl 
to give an adequate frictional resishmeo nt 
low speeds, and thin means that tlm top gear 
cm which 1)0 per cent of Mm running is done 
is used with a pressure between Mm wheels 
about throe times in excess of wlml is nmmntiry. 

The cncHicicnl of friction between tho fibre 
material and tlm polished steel disc used in 
the 11 (l.W.K.” car is abonl OT). It is found in 
practice that it is safe to allow a peripheral pull 
on the driven wheel of llll) lbs. for each inch 
width of tlm frictional material irrespective 
of speed. ,, 

It Is claimed by Mm makers of t he “ 1 1 . \\ . K. 
oar Mint frictional transmission, in Mm vam 
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of cum up to JO or 12 Ii.jji, lias considerable 
advantages over the ordinary gear-box in that 
it is much more simple to drive and tho cost 
of replacements duo to unskilful handling and 
ordinary wear is much smaller. 

§ (38) Kollixo Futotion.— Tho resistance 
to the motion of wheels and rollers over a 
smooth plane has sometimes been attributed 
to the inaccuracies of tho surface, and it has 
been supposed that if these were removed, llio 
resistance would entirely disappear, provided 
that both roller and plane were made of clastic 
materials and tho load on the roller wore not 
sufficient to cause permanent deformation of 
either surface. It was no doubt some hypo¬ 
thesis of this kind which led tho earlier experi¬ 
menters on the subject to denote the relations 
which they obtained by the term “ laws of 
resistance to rolling.” 

The researches of Osborne Reynolds 1 have, 
however, shown that in all eases. in which 
surfaces roll over each other, an appreciable 
amount of slipping of Min surfaces over each 
othor lakes place and it is the frictional 
resistance to this 
slipping which con¬ 
stitutes tho resist¬ 
ance to rolling. 

This may bo scon 
ns follows: Since 
no material is per¬ 
fectly hal'd, when 
a heavy roller rests 
on a surface, the 



It must not be supposed, however, Mint, il' 
tho roller and the plane are of the sumo muicrinl 
these el foots will balance each other. In Mur 
easo of tho flat surface tho effect of Mm imilerinbi 
Hiiri'oimiling a depression will be to siretnli Mm 
material in the depression still further, where.-in 
in the ease of tho rounded aiiiTu.ro with n 
small flat on it tho material surrounding Mm 
llat will compress tho material in tho (Inf. and 
decrease its lateral expansion. Tho magni¬ 
tude of t-liis latter effect will, „f course, depend 
on the smallness of the diameter of the roller, 
lnoro are thus two independent cimsrs which 
allect tho progress of „. cylinder which rolls 
on a plane, the relative softness of I hn nmlerm In 
and the diameter of f,|,e r „|| or . These turn 
causes will not in conjunction or in oimositioi) 
according to whether tho roller is hrirdru#' 
softer than tho plane. Tims an inmyfolkw 
m mi indinmhlier piano will mil llmmgh less 
than its geometrical distance, m.iKan India- 

1,1 r,,,lor ,,n «'• »«"» plane wilFmll through 
u distance more than, less than'. equal 
its goomotrical distance, according to the rela¬ 
tion between its diameter and softness. 

(t.) Mwjnnu a,,,! .-Tim meeiso 

.m ure of tho dipping action which l ulc-i, place 
hu ng lolling is somewhat complicated 
is host studied after a 


Fid. 00. 


weight of tho rollor will cauno it to indent tho 
surfaoo, and tlio surfac-o of tho oyiindor will 
flatten out ns shown in Fig, 00. It, is ovidont, 
therefore, that whon rolling takes place the dis-’ 
tuneo rolled through tho roller in one revolution 
will not ho tho droumforenee of its undisturbed 
surface. For example, suppose that an iron 
cylinder rolls on an indiaruhbor surface across 
which hues have been drawn at. intervals of 
0-1 iac, '> that as tlio cylinder rolls 
across these lines tho surface of tho rubbor 
extends so that the intervals become 0-11 
inch, closing up after the cylinder is past. 

I lien tho cylinder measures its oireiimforaico 
on the extended plane and tlio actual distance 
rolled through will bo ono-tonth less than tlio 
Circumference. Hence if, following Reynolds, 
we agree to call tho distance which tho roller 
would roll through if thero woro no ox tension 
or contraction, its '‘geometrical distance," 
then, in tho enso above, tho cylinder rolls 
Mirougl 1 loss than its geometrical distance, 
miw n- ,CI hfm<1, lf wo }mvo »n indiarubbor 

^ H e ^nil 6 011 f 8t f eI aUl ' fftC ° tl10 
If ,,* 0Xt “ M,s 10 Pei- cent in passing 

ri win 1 ?" SHrfRCC ' tt . i8 ovi(1 ‘’ nfc that the 
" Jl1 l )asa over a distance in one turn 
per cent greater than its ciroumforenco. 

1 Sco Phil. Trans. ll.S. clxvl. 
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without tangential 


preliminary considera¬ 
tion of tlio relatively 
simpler oases of the 
deformation of a soft 
elastic material between 
two parallel plates 
which approach and 
recede from each other 
motion. 

Lot Fig .(l| represent tho section of ,u Monk 
of indiarulilior between the two platen when in 
the non-compressed state, and mipiamn f|,„ 

. 

ter viiI s apart. ■■■■ -U 

hot tho plates 
approach each 
other, com press¬ 
ing the rubber, 
which expands laterally. If there were no 
friuLbm between tlio rubber and plains the 
scutum would remain reotmigular as in Vi,/. (12 

th0 "mild still be equidistant If 
howovor, there ]i» a. ' 

Motional resistance 
between tho rubber 
ami plates which 
resists the lateral ex¬ 
pansion, tho section 
wili bulge in tho miihllo as shown in Pitt. (i;j. 

I ho oAeofc ( ,f tlio Motion on the npnoinir <Vf the 
mes will bo that ii[> to a oortain ilistanoo, such 
fw, « 1 ««"*«» the. section, tlio friolhm 
will bo sufficient to prevent slipping and, there- 
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fore, up to this point the ends of the lines will 
preserve their original distances apart. Beyond 
the extremity of or slipping "ill comment* 
and will go on increasing to the. edge of the 
section. From r outwards, therefore, the 
distance between the ends of the lines will 
continually increase. 

If now the surfaces gradually separate again, 


tho lines between o and r will assume the 
Ha mo forms which they had at corresponding 
points of tho compression, but since the 
portion beyond or has been, ox 1 ended by the 
compression, it will 
have to contract and 
the friction between 
the surfaces will op¬ 
pose this contraction. 
Jl'oncn the lines be¬ 
yond or which during 
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compression wore curved outwards will gradu¬ 
ally straighten and curve inwards as shown 
in Fig. 04. 

It is important, to note that during these 
two actions the smaller the coefficient of fric¬ 
tion tho greater will ho the expansion of the 
lines during compression, and that as the work 
spent in friction during separation depends 
on tho amount of this expansion, tho work 
will obviously increase up to a certain point 
ns tho coefficient of friction diminishes. 

In both of tho above cases it will ho seen 
that the directions of slipping on opposite 
sides of tho centre nro opposite to each other. 
In tho case of a roller, however, it is evident 
that the material immediately in front of the 
centre, of the surface of contact is being com¬ 
pressed and that behind it is being expanded. 
This action may be approximately represented 
hi tho case of tho two plates with rubber 
between them by supposing tho upper pinto 
All to have boon Ilrst 
inclined towards 0, so 
that the material under 
A was compressed and 
then inclined towards 1) 
so an to rniso tho end A, 
thus causing a compres¬ 
sion under B and 'nil expansion under A. Tho 
sectional lines will therefore assume the form 
shown in A’l'/y. li. r >, and it is clour that the slip¬ 
ping oil each side of tho centre now takes place 
in tho same direction. This shows that in the 
action of rolling tho whole of tho slipping is in 
tho Maine direction and tends to oppose the 
rotation. It is this slipping against the fric¬ 
tional resistance between tho surfaces which 


B, 
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gives rise to the resistance to the motion of 
tho roller, ami hence, us Reynolds showed, 
tho correct denomination of tho resistance is 
“ rolling friction.” The analogy of tho notion 
of tho indiambbor between tho two plates 
with tho caso of n cylinder- rolling in a piano 
siu’fnco is not, however, exact, ua'there is tho 


important, difference that in tho latter case it 
is not the entire surface of a bar which is being 
coin pressed and expanded but a portion nt a 
continuous surface in which, whatever lateral 
extension may exist immediately under the 
roller, must he compensated by a lateral com¬ 
pression immediately in front and behind it. 

Tho nature of the deformation caused by an 
iron roller moving over an iiuliaruhber piano 
may he shown as follows. In Fig. (10, which 
represents a section through the cylinder and 
plane surface, tho lines on the imliurubber 
are supposed to represent lines initially ver¬ 
tical and at ccjuul distances apart. The mot ion 
of tho roller is towards B, and or and or' limit 
the surfaces on which there is no slipping. 
0 and B are the limits of the surface of contact 
and beyond these points the rubber is laterally 
compressed owing to tho lateral extension of 
the material under the roller. The lines in 
this region arc, therefore, less than their 
natural distance apart. From D to r the 
material is being compressed, slipping is 
taking place, and the lines are convex out¬ 
wards. From r to r‘ there is no slipping, but 



from r’ to O expansion with slipping is taking 
place and the lines are concave outwards. .It 
is clear, therefore, that tho distance apart of 
the lines from r to r' will depend on tho amount 
of the lateral compression from 1) outwards, 
and it is quite possible that this may ho such 
that the distance liotweon tho lines from r to 
r' may be equal to the natural distance, in 
which oiiac, ns wo have seen, tho rollor will 
roll through its geometrical distant* whatever 
tho actual slipping between I)r and O'. 
According to Reynolds this is v/hat actually 
lakes place when an indinrnbbor roller rolls 
on an iron piano. Tho iiotuul slipping is 
obviously oi|iiul to the difference) between tho 
intervals between r and r', and the intervals 
at D or (!, and will always ho greater than 
the loss of geometrical distance rolled through, 

From the foregoing examination of the 
notion of rolling, the importance of the dis¬ 
tinction liotweon the real and apparent slip 
in all eases of rolling contact is clearly 
brought out, tho apparent slip being defined 
as tho difference between tho circamforence 
of tho roller and tho distance moved through 
by its centre In one revolution. 

An explanation iB also offered of tho well- 
known foot that in general tho lubrication of 
roller boivrings is not attended with any bene¬ 
ficial effects in tho way of increase of efficiency, 
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but may actually can,so a loss of effioieimy. 
Tims referring to Tig. (ill it. is dour that if tho 
eoc-fiieieiil of friction is very great, r and r' 
will coincide with I) and 0 and (.here would 
he no slipping, and licnoo no work would be 
spent in friction. On the other hand, if the 
cooHieient. of friction were zero, r and r' would 
coincide with 0 and there would be no friction 
and no work spent in overcoming it. There¬ 
fore the work spent in friction is zoro for two 
values of the variable which is the coefficient 
of friction, and since it is positive for nil inter¬ 
mediate values it must pass through a maxi¬ 
mum value. Hence for sonic position of >• 
and r', i.e. for somo value of tlio coefficient 
of friction, the work spent in friction is a 
maximum. 

The above conclusions havo been verified 
bv Osborne Reynolds by direct experiment, 
for the details of which reference may bo 
made to the article cited. In particular it 
may be mentioned that tho experiments 
showed that a hard roller on a soft surfaco 
rolls short of its geometrical distanco, whereas 
a soft roller on a hard piano rolls more than 
its geometrical distance, and that when both 
roller and piano nro of equal hardness tho rollor 
rolls through less than its gcomotricn) distance. 

§ (39) Tub Practical Application op 
Polling Friction in the Design oi> Mechan¬ 
ism. In recent years the loss of energy duo 
to friction of the journals and thrust collars 
of mechanism has been greatly reduced by tho 
uso of ball and roller bearings. Contrary to 
expectation tho insertion between tlio cylin¬ 
drical bearing surfaces of moohanisin of' ono 
or more rings of hardened steel balls running 
m hardened steel grooves or races so arranged 
that tlio sliding notion is replaced by tho 
rolling of the balls in the races 1ms proved 
highly successful under heavy loading. As 
the effect of a design of incorrect typo is likely 
to prove disastrous in practice, a brief account 
of conditions to bo fulfilled and errors to bo 
avoided may be gathered from tlio following 
illustrations of ball bearings which havo been 

success * l)raCtiC0 wifc!l Vftr y* n g degrees of 

. (i ; ) BnU Savings.— One of tho earliest types 
is shown at A, Fig. 07. This was formed of 
n h.udcncd steel sleeve with a V or rounded 
groove fixed to tho shaft, tho outor races 
coiisishng of two conical rings screwed into 

<if a ri!i ° t|,rcn<i > with 
tie idea that the races could bo adjusted for 

i Tn ° f th ° takcs i^co 
« |3 on the loaded side it is obvious that any 

adjustment of this kind would bo fatal to 
true running of tlio shaft. 

wtS| 8 if ftUlt '™ S romeclio(t tho design B j„ 

Hindi he races consisted of two conical rincs 
screwed on tlio shaft, the outer 

GooUninn, Proc. Tml. Aut. lino., 1013-14, vill. 


jiortion being inndo flat. Jn this ease flio 
adjustable ring was always rotating anil, 
therefore, the wear was fairly even all round 
and adjustment was possible, although, tin 
experience has shown, quite unnecessary. 

Later two plain races us shown at (!, with 
a cage to keep (lie balls in position, were found 
to be successful, the final evolution of (lie men 
being shown at D where tho moos am grooved 
to a radius of about ,° lV that of the bull, 

In tho design of ball thrust hearings tho 
raees of the early tyjies wore made with -Ifi" 
grooves ns shown at 10. Tho running of this 
tyjie was very linsafisfactorv, with mueli 
scratching of tho balls. The'substitution of 
a flat surface for one of the grooves us at IP 
was an improvement but not altogether satis, 
factory. It was found, however, (hat balls 
running between two flat rings with a cage (J 



to hold tho balls ran quito salisfuetoi-ily. This 
design was still further improved from the 
weight-carrynig point of view by m.lmt,Turing 
grooves of slightly greater radius tlmu the 
hall, as in H. I'or certain pm poses, hitmmv, 
tho flat nice is to be preferred, siuoo, if them 

wid!'^, T ,0n -° f wetting out of linn 

th its housing, them in less likolihuod of 
trouhlo m heating and vibration. A high 
dogroo of accuracy in tin* iimmifnotiiro of balls 
for ball bearings is very essential. For 
example, in the.ease of halls half ,m inoh in 
humetor Professor (Inmlmm, has four,.] that 
a distortion of unn-tliouHandth of mi inch 
corresponds with a loud of about 1110 |j w ( ,f 
the hall. Hence, if mm of tlio halls in a thrust 
bearing is one-thousandth of an inuh larger 
ban the others, that hall will have about 

n, i T n \ l T [ "l ,on il tho others, 

and probably failure will occur. 

In the Skofko ball bearing (Fin. 08) the 

centre 0 .^I 11 '” r , !ng ia a l ,llon ' <!al . with tho 
centre at tlio axis of tho shaft. There nro two 

gtoovos on tlio inner ring, which can ho tilted 
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l.o one side to allow Mm balls to l»o slip]sul 
into position, which is n coiisidomhliuulvmihigii. 

There is Mm further advnntngo 
Mutt; hiioI) ii hearing cun l»o used 
nil a shaft which is moving out 
of truth. These hearings arc 
purtieidaily applicable to Mm 
ease of motor ears and aero¬ 
planes whom the framing is 
not very rigid. 

(ii.) Safe M'orkhiy Lmd in u 
Hull Hearing .—From Mm re¬ 
sults of liin experiments, Pro¬ 
fessor (loodman Iiuh boon led 
In adopt tlm following formula for calculating 
Mm maximum working load on 11 bull bearing: 
/./»£' 


£oybd Htut of Hliafl 

nu. tin. 


VV: • 


ft In vie 


whore \V • maximum working loud in Ilia, 

« "Mm 11111111101 ' of balls in Mm hearing, 
d Mm diameter of tlm hall in inches, 

N tlm revolutions per minute, 

J):.jflm dianmlor of tho hall race in 
iimlmu; Mm dinnmtor lining 
takon from Mm point of contact. of 
Mm ball with tlm inimr moo in 
a journal hearing, and from tlm 
oontroa of tlm Imilu in 11 throat 
hearing. 

Tlm oonatanta (! and k am an followa : 

For tlii'iint lieuriugH 


Flat raws • 
'Hollow rari'ii 


ii. 

k. 

, ;>()(» 

fidO.IHKl 

, 2(H) 

from 1,(Mil),01)0 to 

U'fio.odn 

(!. 

k. 

. 2000 . 

1,000, (HID 

, 201)0 

from tt.tHHtlXII) In 
2,r.(ll),0IH) 

luitwcen 

tlm fuel loll of 


For jmiriml lh-iiriiiga- 

J>'lai 1 . mm'ii . 
Hollow nun'll 


ordinary white nmlnl hearing and that of it 
bull bearing in aliown in Fij/. 01 ). It will ho 
aeon that in tlm 
oiiho of M10 whilo 
metal boaring tho 
starting olfort in 
very muoh g router 
than tlm normal rn- 
wimn^^ne^ aial aimn a (tor it him 
been running for a 
cnnnidomhlo lime. 
With hull hearings 
tlm rovorwi is tho 
oaao, and this, apart 
from tho limiting 
ratio of Mm resist¬ 
ances, in an addi¬ 
tional ri.inson for 


.I 

yOD2 


£001 


linll I)ri\rJi>Kii 


V 


—U 


1 2 a 

flavohit/ont of Shaft 

Fin. (Ml. 


tho uho of ball bearings in muohiiiory which 
slops and starts frequently. 

For very largo hearings, in wliioh tho loadn 




nni correspondingly high, it is cuslnimuy to 
replace Mm lmlla by hardened .steel ml lorn. 
Tlm diflieullies in obtaining satisfactory 
rinuiing ato greater in these hearings Mum 
where halls are used, 011 aeeouut of (lie end 
thrust ef Mm rollers brought about by very 
slight iimeeurmii'H in tin* machining. A 
slight amount of end thrust in a roller bearing 
may increase the frictional resists 11 en tenfold. 
VarimiH devices to obviate end thrust, such ns 
Mm insertion of a hardened steel ball hoi wool) 
Mm ends of Mm roller and the 
face of tlm housing, have been 
tried, but. without any great 
aueeess. 

One of M10 most snoees-ifol 
roller hearings which have been 
recently brought out in illiis- 
1 rated in h'iy. 70 . In this tlm 
roller runs in a hardened steel e).i 
rectangular groove ground in Mm |,. ((U ^ 
sleeve with great preeision, and 
after an extensive series of tests 011 it IVofessoi' 
(loiidnmn stales that thin is the only roller 
hearing which, in his experience, is practically 
free from end thrust. 



VI. Tut; Ibii.ATioN hv.'i'WW'iN Kmiutiiin and 

i 1 1! at Tiia NSMismoN in h'ii k (! ah ii nr rut; 

Motion of a Fmoo ovnn a Ruukauk 

11 a v 1 Nil A Tr.-MiHMiATiiur; mi fiutiNii viiiim 

that of Tim Ki.mo 

§ (10) llKAT TllANUMIMSlON, (i.) Thrill If. 
Tho heat inloroliungo lietween a tiolid mirlncc 
ami a fluid in cniil.nct with il, lor a given 
dilfcroncn of Icmpemtnro between thrill and 
apart from mdialion cltenls, will evidently 
be proportional to Min rain at which the tluid 
puliloltiH live carried up to the auifnee, i.c. In 
tlm dilfusiimof the lluid in the neiglilioiiiiioinl 
of Mm Hiirfure. Tlibi iHITiimIoii may he uEtliifr 
(I) molecular, i,c. Mm dill'union of the ninleeiileii 
in umuHrt of lluid iibiest, or (i!) molar dill'usinii, 
hy mcaiiH of Mm movement, of small portions 
of the lluid in Mm form of eddies. The traim* 
mission of heat by molecular di(fusion <*i in¬ 
stitutes what is known an Urn tlmniml emi- 
duclivlty of the fluid, and that hy molar 
illllimion is usually ilenoiniimted heat ni.m- 
veetion. Now in iho case of a lluid moving 
over a surface in laminar or nlrcanilino 
motion, there in 110 molar tlilliminu hotwimn 
adjacent atrannitinea or luiniime, and, Miere- 
fore, any ti'ansmission of beat In or from tlm 

nui'fucn in u direction normal to *•*. 

linos must take 
On Mm other ii 
Uirbnlont, it i 
stitulo Mm mo 
limit is truiiHr 
In fj( 2 fi 
motion of 
a thin lay 
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motion when the general motion of the fluid is 
tiirlnik-iit, and if the surface he hotter or colder 
than the fluid it is clear that the heat trans¬ 
mission between layer and surface will talco 
place by means of conductivity, and between 
the outside of the layer and the mass of tho 
fluid, hy eddy motion or convection. In 
Part I. of this Article dealing with "Vis¬ 
cosity,” $5 ( 1 ), ( 2 ), it has been shown that 
in the ease of laminar motion the transfer 
of momentum between adjacent layers which 
constitutes the phenomenon of viscosity is 
etfectcd by the internal diffusion of the fluid, 
and further that in the ease of turbulent 
motion the corresponding phenomenon of 
mechanical viscosity is duo to the mass diffu¬ 
sion brought about by the eddy-making 
and turbulence. It would appear, therefore, 
that the mechanism hy which the transfer 
of momentum which constitutes frictional 
resistance and that by which tho transfer 
of heat is brought about is essentially the 
same whether the motion be laminar or 
turbulent. 

The probability of this effect was first 
pointed out by Osborne Reynolds 1 in 1874 in 
a paper on the heating surfaces of steam 
boilers. In this paper Reynolds described 
an experiment in which, by blowing air through 
a hot metal tube, the probable accuracy of his 
theory was demonstrated by tho fact that tho 
temperature of the issuing stream of air wns 
approximately independent of the speed of tho 
air current. The method of reasoning leading 
to this conclusion may lie staled ns follows. 
Consider tho case of a fluid moving through a 
parallel pipe of circular cross - section with 
moan velocity I 7 ,,,. and let tho inner surface of 
the pipe bo maintained at a uniform tomporn- 
tuio T,. Then, neglecting the thormnl con¬ 
ductivity effect in tho thin layer at tho 
boundary, mid assuming nil the transmission 
to take place hy eddy motion, tho ratio of 
tho momentum lost by skin friction between 
any two sections distant dx apart, to tho total 
momentum of the fluid, will bo tho snmo ns tho 
ratio of the heat actually supplied by tho 
surface to that which would hnvo bcon 
supplied if the whole of tho fluid had been 
carried up to the surface. 


Then, by the. above relation, 

(tlp)irfl- __ Wr/'j’ 

\Vto.Vm~WV*~T'mY 

The heat lost per unit area of tho pipe in 
xW/g .jlT 
"2witdx * 

where <r is the specific heat por unit mass at 
constant pressure, aiul if li denote tins skin 
friolion per unit urea, 

irtl“ dp 
lira ' (/.«" 

Hence if Q bo the heat tmnaimttvd per unit 
area, 

,) 


lt=. 


,, ltff(T s - Tj 

vT~ 


(4 


Thus, if dp is tho fall of pressure bofcwccn 
the sections, 

dT the rise of temperature between 
tho sections, 

W the weight of fluid passing per 
second, 

V m the mean velocity of tho fluid, 
(i tho radius of the pipo, 

T m the mean tomporatiire of the 
fluid between tho sections. 

Ti,CrarU mtl Vhihso -. 


It may be noted that thorn may be nppin- 
ciablo tlivorgoncc between tbc uibovo value 
of tho heat transmission and that until ally 
observed, for, as Reynolds painted, out, “ ulti¬ 
mately it is by conductivity that tho beat 
passes from tile walls of the pipe to tho fluid, 
so that there will probably bo in tho result a 
coefficient V(kjv), whore k is ilio coolVieiimt of 
thermal conductivity of the fluid, tfio form of 
which must ho determined by experiment.” 

(ii.) Experiments .—A series of experiments 
wore carried out by Dr. T. H. Inn ton in JHIlfl 
with tho object of testing tho accuraey of tho 
above relation. 3 The fluid lined wns wafer, 
which was circulated through thin cupper 
tubes heated on the outside by means of a 
steam jaekot. The mean temperature of the 
tubo was estimated from tho value of its 
coefficient of expansion and the iuoreuso in 
longtb, (lie value .of the mirfuco (omporatiiro 
being thou calculated from tho known boat 
transmitted and tho thermal comlueMvity of 
copper. 

In making the experiments it was arranged 
Mint the total rise of temperature should not 
exceed a few degrees, and should bo small 
compared witli the range of temperature 
between metal and water. In this way, in a 
aories of experiments in which V,„ was varied, 
tho vftluo of S(kjv) reform! to above would be 
approximately constant. i , \irt]ior, shine it was 
known that writing the relation (1) 

m the form 

r«-%r 

-* n — I m 

wlioro I) is cmiHtant, the valuo of n.~ I could 
he obtained by the usual mothorl of logarithmic 
plotting. 

On making this determination for several 
sizes of tubes, and with as large a. Mingo of upend 
of flow ns could bo obtained, it wns found 
that tho vnluo of h was practically identical 
with that found in tho friotkmal determinations 
(i.e. )i varied from 1-H2 to I SO), and hence 
. 11 1‘hUt Trillin. ] toy a l Society, Series A, exc. 
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tlio truth of tlio relation (l) in its most ini- 
pnrtanb practical us|mot was fully demon- 
Htnvtod. The fact that tlio houfc abstracted 
from a hot metal surface hy a fluid flowing 
over it in, for a given dilTeroiieo of tompornlure 
hotwoon fluid and metal, nearly proportional 
to tlio spend at whieh tlio fluid moves over 
the surface, has lieen of grout importane.e in the 
design of steam engine condensers, the nidi a torn 
of internal a< mi bust ion engines, and tlio heat¬ 
ing surfaces of .steam hollers. Tlio applica¬ 
tion of tlio Reynolds theory to the onso of 
the design of surface condensers for steam 
engines Ims shown 1 that for a mirfuco con¬ 
denser of given area of cooling snrfaco and 
supply of cooling water, in order to obtain 
the greatest velocity of How, the length of the 
tulio should bo as great ns possible, and tluit 
tlio most ollieiont design will ho secured by 
using small tubes of ns great a length as is 
consistent with tlio extreme limits of frictional 
resistance to (low allowed. This condition 
can ho easily fnllilled in practice hy arranging 
the tubes in separate compartments, through 
which the cooling water circulates in Horics, 
and thus the r./Judirv. length of the tube mm 
ho inorcmuul to any desired amount. 

It may ho remarked that, if any means 
existed of determining tlio thickness of the 
layer in laminar motion at the boundary, a 
check between theory nnd experiment would 
ho found as follows. Consider first the trans¬ 
mission of boat hy eddy motion I Hit ween the 
mass of fluid in the interior of the pipe and 
the outor surfaoo of the layer in laminar 


where T, is the temperature of tlio outside of 
the layer. 

Again, considering the transmission through 
the surface layer, we have 


where T, is the temperature of the surface, t 
the thickness of the layer, and I: the eeellieient 
of thermal conductivity, 

and R=/i*^.(•*) 


Combining ('2), (U), and {■!), wo have 

1 


.. ltirf'j a -- I'|,|) 

- 

» m 


1-1 /)(ir/l/j - ! 


, where p ~, 


(b) 


If, therefore, the value of p woro known, it 
would .ho possible, by experiments with a 
llnid flowing over a surface for whieh (lie 
value of It was always known, to obtain a 
check on thn theory. 

Unfortunately, no definite information on 
Uio value of p is at present available, From 
an examination of thn criterion, due to Loren’/., 
for the steady motion of fluid botwcoii two 
planes moving tangentially to each other, 
Mr. (i. 1. Taylor Ims arrived at the conclusion 
that in the. ease of a pipe m/V,„ should become 
Hourly constant as the velocity is moiensed, 
and independent of the imtiuo of the llnid. 
Ah regards its value, the criterion of buieii/, 
indicates that, it may he approximately (KIH. 
Alternatively the value of /> may he calculated 
from equation (f*) hy substitution of the known 


Taiii.h f 


HOHNNKKMN'H KsI’UHIMWNTH WITH WaTKH H.OWINO IN I)llAWN llllASH Tllim 11)2 CM. I.ONU, 

1-7 CM. IMAMHl'Kll 


Velocity 

Kent triiimmlttcd, 

Temperature. 

if glow 111 

Culnrli-s per 


Kllllil. 

(.•111. )l.S. 

S(|. Cm. p.ii. 

.Surface, 

132-2 

117 

21)-Of) 

11 -1)7 

132-2 

1 -58 

70*10 

07-72 

UK) 

1 -14 

2th 28 

t:t-25 

101) 

MW 

07-HD 

fitMW 

(11-7 

0-72U 

23-30 

12-1)11 

01*7 

o-i la 

7o*:ifi 

00-00 




Vnliic iif 

Value of 



ll./<T,~T,„). 

li In 

per Mg. Cm. 

H<r 

Vm 

K(|iml,|on (0), 

07 0 

■117 

3-78 

•30 

•IB-3 

•;h7 

2-04 

•32 

35-0 

• 120 

2'0(l 

■30 

28 T> 

•21)11 

8-0-1 

•35 

10-2 

•112 

2’8I 

•3(1 

II-ft 

•:m i 

2-74 

•■12 


Ktanton’h Kxi'KIiimkntti with Watch hi.owinu in (Iiitb Tinu: <111 cm. j.onii, 
(|-7:m CM. 1)1 A MKT lill 


4 -III 

28-2 

10-1)3 1 

20-8 

•128 1 

12-35 

5'08 

01-00 

3(M50 

20'0 

•217 ] 

10-0 


motion, which may be assumed to have a 
velocity U. 

Then ot|ualion (1) becomes 


.. IM'IV-'I'm) 
q v' m -u . 1 


( 2 ) 


1 Man ton oil " The KJIlclency inul l)r»lKH at Hur- 
faco Comic users," 1‘roc. fust. (I.ll., 18UH-D0, cxxxvl. 


values of U, (T, - TJ, V„„ /<, and k in care¬ 
fully made experiments. 

Such a series of ex peri meals have boon 
carried out by Dr. A. Hnennokcii 1 in the onso 
of water flowing through boated metal pipes, 
tlio results of which are given in Table 
together with certain of Stanton’s results, 

1 .Sooimokeii,Khnig.Tech. Iloclisrhnlc Munich, mill. 
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It will be clear from tho calculated values 
of p in tho above table that- the use of the 
values of iKIH derived from the theory of 
Lorenz will not give results greatly in error. 
The low values of p found from Stanton’s 
results are probably due to the fact that they 
were obtained from short lengths of pipe in 
which the ratio of length to diameter was 
only 34, and that on this account the mean 
thickness of the surface layers would probably 
he appreciably less than that finally obtained 
at a considerable distance from tho inlot. 

Reverting to equation (fi) it will bo scon that 
if the value of apjh for any particular fluid 
is approximately equal to unity, the agree¬ 
ment between the heat transmission given by 
equation ( 1 ) and that actually observed should 
be fairly close if the assumptions on whioh 
tho theory is based are correct. 

Now for air k = 1 • 6 /iG\., 
whore 0 ,, is tho specific heat at constant 
volume, and since 

<r = 1-4(3,, 

we have — = M4, 

erg 

so that experiments with air should furnish 
a rough demonstration of tho accuraoy or 
otherwise of the extension of tho Jtoynolds 
theory given above. 

In some experiments made by Mr. J. R. 
Panned 1 at tho National Physical Laboratory in 
1912 the results given in Table IT, wore obtained. 


the neighbourhood of tho boundary which is 
indicated in tho curves of Fig, 27 Hint no such 
discontinuity exists ami that tho two motions 
shade off into each other grail mi l ly. R is 
evident, therefore, that the mutter requires 
further investigation before any reliable 
prediction of the (mount of tho bout Irnns- 
mission can he mntlo from a knowhulgo of tho 
frictional resistances of fluid and surf item. 

§( 41 ) .TSmxrr ok Suiu'aojo Roviiiiniihs on 
Hmat Transmission. —Apart from tho prne- 
tieal value of tho theory of limit fninsmis- 
■ sion outlined aliovo in giving an luwmratn 
measure of biio improvement to bo often tod in 
heat transmission by increasing tho upaal 
of flow, the relation also iiulienles a possi¬ 
bility of increasing the efliciene.y of tho tinns- 
miasiou by inoreasing the eoofticient of frietion 
botweon fluid and surface. It is well known 
that by roughening the Hiiifnco over which 
fluid is in motion tho frictional resistaneo enn 
ho increased two or three fold. For example, 
in Mr, W. Fronde's ox peri in on is on the 
resistance to the towing of phtnlm in wafer, 
it was found that tho resistance of a miiTnuo 
similar to that of sandpaper was more than 
double that of a varnished surfrioo under tho 
same conditions. In experiments at the 
National Physionl Laboratory tho frictional 
resistance of brass pipes 1 ms been increased 
threefold by surraling the inner Hurfaoo by u 
series of sharp ridges produced hy a cutting 
tool, It may ho mentioned, however, that 


Taui.h II 


Fi.ow or Am in heated Brass Pipb 4 88 cm. diamktbii, fi] cm. i.on<i 


Velocity 
of ]■’low in 
Cm. p.s. 

Heat transmitted, 
Calories per 

Sfj. Cm. p.s. 

Temperature. 

Friction, 
Dynes 
per Hij. cm. 

Value of 
R»(T«— T,„) 
V,H * 

Rutin of 1 

Calculated I lent 
Observed It out' 

.Surface. 

Fluid. 

1188 

•0205 

37-4 

22-0 

fid 4 

•Oififi 

0'7C1 

940 

•0102 

30-2 

22-7 

3-18 

•01011 

0(JR 

2188 

_ 

■0309 

•13-0 

20'2 

149 

•0207 

0 73 


It will be seen that tho agreomont botweon 
calculated and observed heat is not satis¬ 
factory, so that assuming that no sorious 
errors were imulo in the observations on 
which tho figures in the tablo are based, it 
would appear that tho assumptions on which tho 
extended theory is baaed aro inconsistent with 
the actual facts. Tho ono whoso validity may 
reasonably bo questioned is the discontinuity 
etwee ' 1 the layer at tho boundary and tho 
eddying fluid which is implied in tho reasoning 
leading up to the theoretical equation (G), 

It will bo clear from the state of motion in ( 

loifivSk'22? 0rt AdBi80rif Commfwre Aeronautics, i 


mo application of the Reynolds theory (.. |ho 
enso of rough surfaces is not -priori donum- 
stranle, siuoo the precise nature of the modifica¬ 
tion of tho fluid motion us tho surface rough, 
noss m increased is a matter for uptimilaUnii, 
ami !t is by no means certain that an innronHu 
m surfaeo roughness eorresponda with an 
increase in tho turlmloneo which ia tho main 
factor m tho boat transmitted. 

For tho purpose of testing tho iiimlioability 
or otherwise of tho Reynolds theory to the 
ease of surfaeo roughness, a scries of experi¬ 
ments wore made at tho National Physionl 
Laboratory in 1017 on two pipes 1 *‘ inch 
diameter, of which ono was in the smooth 
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drawn condition in which it was received anil 
tho surface t>f tho other wan roughened l»y 
machining with a sorow-eullmg tool so as to 
form a double series of slmrp ridges intor- 
eouting ('iii’li otlior. Tlio. depth of Mio serra¬ 
tions was about (HU inoli. 

In ninlcing tlio experiments, nnoii pipo waa 
sot up in u vortioul position and a current of 
water ciroulalod through it by moans of a 
centrifugal pum)) jirovidod with speed regula- 
tiou, so Mint Mm moan velocity of How could 
Ini varied from about 15 cm. peu' second, 
slightly above tho oriticul value, to about 
ill) mil. per second. The outsido of tlio 
]iipo was wound with Knioka wire commoted 
to tlio supply mains through a variable rcsint- 
mum mid ho arranged that tlm tompoiuturo 
of the pipo could bo maintained at tho desired 
value above tho loinporaluro of tho wator. 
Tho menu surfaco temperature of tho pipo 
was (istinmted from tho extonsiim of tho 
pipo measured by an oxlonnomolcr spcoinlly 
designed for tlio purpose, For the estimation 
of tlio initial and final toinpcratmcs of tho 
water, tliormo-junctionH embedded in thin 
brass tubes were pinned with tlmir axes in 
the axis of the pipo at tlio extremities of tlio 
experimental length and connected to a 
potentiometer. Tlio estimation of tho How of 
water through the pipe was obtained from a 
calibrated meter. The frictional resistance 
of the pipe was found from the fall of pressure 
along tho experimental length, 

In order to enmparo tho relative olTeofs due 
In surface roughening, the ratio of the inten¬ 
sities of surface friction of the rough and 
smooth pipes have been plotted (AVf/. 71) 
oil a base of speed of How through tlio pipe, 
and on tho sumo diagram is plotted tho iiurvo 
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showing the eoiTOHpi mding mile of the heats 
transmitted per unit area per degree di(Terence 
of temperature. It will be soon that through¬ 
out tlio whole range of speed considered the 
heat transmitted from tho roughened pipo 
exceeds that transinitted by tho smooth pipe 
by an amount greater than that by which 
tho friction has been moralised by tho roughen¬ 
ing, so that tlio uppliimtion of tho Reynolds 
theory to the case of surface roughening was 
fully demonstrated. In applying these results 
to praetioo, it is important to make suro that 


•io:j 


tlio conditions of turbulence are similar to 
those which existed in the experiments 
described above. For example, from tho 
eliamcteristies of the motion of a lie id at (ho 
inlet of a pipe referred to in §((>) (iii.), it would 
appeal' probable that, hud the experimental 
length of pipo in the aUnvo experiments been 
placed at the inlot to the pipe instead of 
some considerable dial unco from it, the oflcot 
of roughness on the heat transmission would 
not have been so 
marked owing to — 
the absoneo of 
turbulence in this 
particular region. 

In order to in¬ 
vestigate this moie 
closely, a further 
research was ear¬ 
ned out in which 
the heated surfaco 
represented the 
gills of an air¬ 
cooled internal 
cmiihustiim engine. 

Tho practical im¬ 
portance of this 
investigation will 
he obvious from 
(he fact that if an 
improvement in 
heat transmission 
of (lie order of that 
obtained in lho 
roughened pipo 

could lie produced in the cooling mi rumen of 
aircraft engines by artiiicinl roughening, tlio 
possibility of considerable increase in ellloietioy 
and saving of weight would be opened up. _ 

For tins purpose Mm apparatus shown in Fi(f. 
72 wan construolod. This consisted of eight 
copper discs of approximately the dinionsicuiH 
and spacing of the gills of ail air-cooled ongino 
surrounding a cylinder of wood, mul set up 
in a wind cluiimol through which nil' could no 
circulated at speeds up to HO feet per second. 
The method of mailing an experiment consisted 
in holding tlio gilla by a current from a storage 
battery and monsuring tho amount of oummt 
mul fall of potential along them, In tliiw way 
Uio menu surface temperature of tlio gills noil 
the amount of heat abstracted by tho air 
could ho calculated. Observations of tho 
velocity and tempera Lure of the cooling air 
wore taken at tho same time. The thiokncMS 
of tho cupper gjlls was 0*055 mm., the external 
and internal diameters being I.-H1 and 111 mm. 
mid tho pitch 8 mm. 

Tlio roughening was made by a special pair 
of steel dies by means of which the surfaces 
wore corrugated into serrations 0*n mm. deep 
and 1'8 mm. pitch. A series of observationn 
wiuj first made on tho smooth gilln. Thoflo 
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wero then taken out of the wind channel, 
roughened by tlx; dies and replaced, and the 
experiments repented under the same condi¬ 
tions of wind speed, and surface temperature 
ns before. 

Tho results of tho two sots of observations 
nro shown in Fig. 73, tho ordinates of the 
plotted points being the heat abstracted j» 
calories per second per degreo difference of 
temperature between gill mid nir current, 
anti tlic abscissae the mean wind speed in 
cm. per second. 

It will be seen that, in complete contrast 
with the results of the pipo investigation, the 
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rouglioiiing bad practically no ofi'cct on tho 
beat transmission, thus indicating that for 
these particular surfaces the dimension in the 
direction of How was so limited tlmt fcho 
convection of momentum to tho surfaco was 
not inoro intense for a rough than for a 
smooth surfaco. Tho anticipation tliat tho 
conditions ns regards turbulence in this ease 
worn probably similar to those existing ft t tho 
inlot of a paraded channel appeared fchoroforo 
to bo justified. It is prohablo tliat consider¬ 
able improvement in tlic design of the cooling 
surfaces of aircraft engines and radiators may 
yot ho effected hy a auitablo incroaso in their 
frictional resistances, but further research is 
necessary before tho direction in which it may 
bo looked for is apparent. 


FniO’l’tON and Anodes of Rkpo.sk. Tablo of 
Coofliokmls. Scso “ Friction,” § (30). 
FiUO'ITON AND [Ik AT TllANSMIHHION, STANTON'S 
ICx PKiiiM KNTfl, Soo “ .Friction," § (30). 
Fiuction Drives ik Mechanisms, Seo 
“ Friction," § (30). 

FlUOTION OF CURVED SURFACES IN FLUIDS 
Soo <l Friction,” § (20). 

Friction of Dry Sown Surfaces ! 

Kinetic. Soo “ Friction," § (35). 

Static. Sen ibid, § (30). 

Seo also “ Lubrication.” 

Fuiotion of Locomotive Duivino Wheels. 
See “ Friction,” § (35), 

Friction of mu Wind on tiir Earth's 
S uit fa ok. Roe “ Friction,” § (25), 

Friction, Static, FnrcmoNAL Stability of 
Structures, Seo “ Friction,” § (31). 


IMPOSE—F UEL CALORIMETRY 


Frictional Drag of tub Tunis. See 
“ Friction,” § (24). 

Frictional Resistance of Cylinders in 
Fluids. See “ Friction, ”§(21). 

Frictional Resistance of Fluids increased 
by reduction in tho viscosity of the fluid. 
See “ Friction,” § (21). 

FiiicTroNAL Rrsistanck of Smooth Planks 
mo vino THKOuoit a Liqiiid. Seo “ Friction,” 
§ (18); “ Ship Resistance and Propulsion*” 

, §§ («) ( 12 ). 

Frictional Resistance of Solid Surfaces 
in Fluids measured hy tho velocity slope 
i at tho boundary. See “ Friction,” fj (22). 
Frictional .Resistanor of Surfaces separ¬ 
ated by a Thin Layer of Fluid. Seo 
“ Friction,” § (2(i). 

Frictional Resistance of Thin Plates in 
Fluids. Experimental determination from 
changes of momentum of tho fluid See 
“ Friction,” § <1i>). 

Frictional Resistance of Woven Fabrics 
Seo “ Friction,” § (35). 

Frictional Stability of Earth. Seo 
“ Friction,” § (32). 

Froupk Belt Dynamometer. See “ Dvnn- 
momoters,” § (4). 

Froude Water Brake. Sco “Dynamo- 
motors," § (2) (iv.). 

Froude’s Fxperimenth on the Resistance 
of Ships, Seo “Ship Resistance and 
Propulsion,” § (4). 


FULL CALOJUMKTRY 

s (!) Introductory.— The measurement of 
(he calorific value or fuels is a branch of 
calorimetry which 1 ms been systematised in 
order that it may he practised by operators 
not possessed of tho knowledge or experi¬ 
mental aptitude of tho trained physicist mid 
chemist. Large numbers of determinations of 
tho onloriflo valuo of fuels nro nmdo daily, 
with a reasonably high degree of aeourncy and 
concordance) hy a host of semi-skilled operators, 
Tho latter, however, merely follow instruction!! 
in tlui use of methods which involve tho 
scientific application of fundamental principles 
of physics and ohoinistry to tho solution of 
the problem of measuring exactly tho boat 
evolved in the complete oxidation of readily 
combustible matter. Tho physical and chem¬ 
ical principles applied in Fuel Calorimetry 
aro essentially identical with those applied 
in tho mensuremont of tho iicat ovolvod in 
ohomioal reactions in gonoral, and tho methods 
employed are simply specialism! adaptations to a 
rcstrioted Hold of the general mothods employed 
by tho physioist in tackling tho varying prob- 
lonis of cnlorimotry presented in tho pursuit of 
physical, ohomioal, and physiological researches. 
Tho broad principles and gonoral methods of 
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boat from the combustion of the gas, it is 
possible to produce a calorimeter which 
automatically register* nny variations in tho 
calorific value of the gas over a [ring period. 
The usual methods of gas calorimetry arc, 
, therefore, distinct from the usual methods of 
the calorimetry of sofid mill liquid fuels, 
though there is some overlapping of the two 
me thuds in the calorimetry of tho more highly 
volatile liquid fuels, such ns motor-spirit, 
ethyl!-nlco hoi, ether, etc. Tho continuous 
calorimetry of a supply of solid fuel, sueh ns 
coal, furnishing automatically a register of 
fluctuations in tho calorific value of that fuel, 
is a problem which awaits attach, and of which 
a satisfactory solution would ho of tho utmost 
value in industry. Hven in regard to oil fuel, 
continuous calorimetry is practically unknown, 
though tho problem does not present the same 
difficulties as that of solid fuel, and a satis¬ 
factory solution of if is not far to seek. 

There arc a mini her of points in fuel oalori- 
inolry to which consideration must ho givon 
m tho case of almost all types of fuel calori¬ 
meters mid of all classes of fuel. Thoy may 
bo classified broadly us follows : («) Samphire 
tlio fuel; {!>) Weighing or measuring tho 

portion of the sample on which tlio deter¬ 
mination is made; (c) Tho supply „f oxygon 
for combustion ; (d) Choico of medium for 
reception of the heat ovolved ; (c) Tlier- 
mnmotry, or tlio measurement of tho riso of 
temperature of tho medium ; and (/) Incidental 
boat losses and corrections. 

§ (<1) Saaii'mnu tins Euim,—In gonoral tlio 
sampling of fuel for dotormiimtion of i( 8 
cnlorifio value follows tho course adopted for 
sampling it for chemical analysis, but ns many • 
more samples of fuel are now tnkon for calori¬ 
metry than for analysis, and often by persons 
not trained in general methods of sampling, 
a few words on it may appropriately be said 
here, though, strictly speaking, sampling does 
* mi I Wlt 11,1 t,in w,n I>0 of calorimetry as snob. 

I here* are few materials more difficult to 
flamplo properly than coal and coke, owing 
emoily to tlio unequal distribution of earthy 
matter, slate, ote., in tlio coal ns won and 
supplied to tho consumer. Whore coal or 
ooim passes through a mcolumieal breaker 
which reduces nil lumps to a relatively small 
mo, Ilia procedure of sampling a largo bulk 
is greatly simplified, and if j-owt. portions 
aro drawn from the outlet of tlio breaker at 
int|Orvala_ QoiTcspontling with tfio passage 
through it of 5 nr (3 tons, and theso |-owt. 

J , 1,113 »k» subsequently mixed, further 
Hokon, quartered, the quarter broken small or 
and again quartered, a finely broken small 
sample m ultimately obtained from which tlio 
final samplo for tho determination of calorific 
va no may be ground. This procedure answers 
Wc 0,1 gftf1 W01, Jw» etc., where coal is frequently 


broken before carbonisation, and coke before 
sale for household use, but the breaking of 
coal lowers ds value for most other uses and 
Hus aid to proper sampling is not generally 
available. In such eases hirgor portions, 
representative of both the large and the small 
coal, must lie taken from each waggon-kind 
or <> to 1 () ton lot, and these portions mixed 
to form an average sample, a quarter of which 
must bo roughly broken mul dealt with ns 
before. Many elaborate directions have been 
issued for tho sampling of coal and coke 
deliveries, but a consideration of tho particular 
eircmnstimees_ will generally suggest the best 
mailed if It IS bo mo in mind that the first 
bulk sample must bo largo and must he 
thoroughly mixed before Hie first quartering 
Gam or loss of humidity in tho course of 
sampling must also ho avoided. 

Iho sampling of liquid fuel is roJutivoly an 
easy matter, though, with heavy potrolomn oils 
and oortam classes of tar and tar oils, strati- 
fiea(joi( and deposition of solid mattor aro 
apt to occur m storage tanks, and warming |, v 
leans of steam coils and stirring are needed 
before the sample m drawn from the tank 
Liquid fuels frequently contain varying pro¬ 
portions of wafer, partly in solution and partly 
m suspension, and on this account a samplo 
drawn front a single barrel is seldom repre¬ 
sentative) of a consignment of many barrels. 
Barrels should lie rolled about to agitato tlio 
contents thoroughly before they aro sampled, 

. 1)10 ' sampling <»f gaseous fuel varies greatly 
hi method according to tho circumstances .if 
its origin ■and tlio object of tho determinations 
of calorific value. Obviously if „H that is 
needed is an average sample of tho output 
of ft producing plant, or of tlio delivery from 
storage vessels, different methods will ho 
fo l;;we, from three adopted if samples are 
required with a view to ascertaining tlio 
oxtromo fluctuations in calorific value of tho 
gas produced or delivered. It may bo said 
generally, however, that fuel gas supplies vary 
more in cnlorifio value Ilian might be oxpooted 
hom gonoral knowledge of tko diffusion of 
gases, and of processes for generating fuel gas. 

-I,ven town gas supplies, derived from works 
w ,° f ' iei ! lti «« for "living and storing appear 
ftinpio, quite commonly show lluotuatioiiH of 
l mi \ C( ”‘ t l »H uithor side of tho menu 
oalon .o value. Other fuel gases, such ns 
neetyiono produced in generators for welding 
ami cutting purposes, aro apt to vary still 
more m calorific valuo, partly owing to varia¬ 
tions m tho purity of tho raw material used, 
and partly owing to offoots incidental to tho 
mto of generation, oto. Fortunately a con¬ 
tinuous supply of fuel gas is generally available 
for calorimetry, and it is a relatively easy 
matter with tho types of g aa calorimeter 
commonly in use to make a number of dotor- 
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ruinations, ntul thereby to uncertain the 
fluctuations in value of the gas, ns well an to 
ciimiimto errors due to tho taking of casual 
samples. 

§(4 ) W MfimiNU ok jM basuufno the Sam km:. 

—Tho portion of either n solid or a liquid 
fuel used for a oidurimctrio determination 
will usually ho weighed, hut a gaseous fuel 
is commonly measured and tho calorific value 
per unit weight calculated, if required, from 
the specific gravity of the gas. Tho utility 
of determinations of calorific value of coni, 
coke, ole., is largely relative to that of other 
lots of similar fuel, and since these fuels con¬ 
tain moro or less free water according to the 
extent to which they have been exposed to 
rain (or underground water) or stored under 
oovor, it is essential that tho determinations . 
of cnluritio value should ho imido on a dried 
sample. If the water given up in drying is 
determined, the calorific value of the particular 
lot of coal or coke in the condition in which 
it was when sampled can ho readily calculated. 
Unless expressly staled otherwise, it is custom¬ 
ary to express the calorific value of a solid fuel 
in terms of unit weight of tho dried material. 
Since many coals, when finely ground and 
dried, are' extremely hygroscopic, tho pre¬ 
cautions usually taken in weighing hygrosoopio 
substances must lie observed when weighing 
out tho portions for onlorimotry. Fuel oils, 
as a rule, contain very little water, hut when 
certain grades of tar, crude petroleum, ole., 
aro being examined it is necessary to dolor- 
mine the water present, which, moreover, 
frequently varies greatly in dilToront samples 
taken from tho same bulk. 

Gaseous fuel is usually measured saturated 
witli water at atmosphorio temperature ami 
pressure, and tho calorific value of unit volume 
so measured is corrected to refer to unit 
volume in one or other of two standard 
conditions, viz. : (l) at 0° 0., 700 mm. and 
dry, which arc tho normal conditions for gas 
measurements in scientific work, or ( 2 ) at 
(>0° Ffthr., 1)0 inches and saturated with 
water vapour, which aro the normal conditions 
for tho salo of gas in this country and generally 
for technical and industrial measurements of 
gas. Tho volume of gas in these conditions 
is only one ton-thousandth less than its volumo 
at lfi 0 0., 700 mm. and saturated, whioh aro 
tho conditions in whioh gas is measured for 
commercial and technical purposos in most 
continental countries. 

§ (5) Sum.Y.OF OXYtJKN FOll COMBUSTION. 
—Tho oxygen required for tho oombustion of 
tho fuel in tho calorimeter is obtained in most 
oalorimotera for gaseous fuel through a supply 
of atmospheric nil', but with solid and liquid 
fuel it is difficult to ensuro complete and rapid 
combustion unless tho oxygen is supplied in 
a moro highly concentrated form. In tho 


early calorimeters tho oxygen was furnished 
by potassium nitrate or a similar salt, whioh 
was intimately mixed with tho fuel, but with 
tho advent of commercial supplies of oxygon 
compressed in steel cylinders other sources 
of concentrated oxygen wore almost entirely _ 
displaced in calorimetry by the oxygen 
cylinder. Without the latter the Horlbolot 
bomb type of calorimeter could not have eoino 
into general use. It is possible, however, to 
dispense with com pressed oxygen if it is not 
available, by using a peroxide as a source of 
oxygen. Sodium peroxide is thus used in tho 
Roland Wild fuel calorimeter, hut there is in 
this eoso a liberation of heat from the reaction 
between tho products of combustion and the 
reduced peroxide, for which a deduction has 
to bo inodo from tho total limit measured by 
tho calorimeter. Tho uncertainly as to this 
deduction with fuels of a widely different ratio 
of carbon to hydrogen militates against the 
moro general employment in industrial calori¬ 
metry of this convenient type of calorimeter. 

§ (<J) Medium fob Hboki'TIOn of the 
EVO l.VKit if eat. —The heat evolved by tho 
combustion of the fuel is absorbed as far us 
possible by water in nearly all tho more exact 
i types of calorimeter. Tho high specific, heat 
of water and its universal availability are tho 
chief factors in its favour, but it lias certain 
disadvantages which have led to tho adoption 
in a few calorimeters of other liquids, or of air 
or other gas, for tho absorption and measure¬ 
ment of tho heat evolved on the combustion 
of tho fuel, it may he said broadly, however, 
that tho colorimeters in which water is dis¬ 
placed by .another liquid or by a gas aro of 
special and restricted applicability. Oortniu 
Homi-automatic and recording calorimeters dis¬ 
pense with water, hut the majority of them 
need calibrating against a water calorimeter 
owing to uncertainty as to the spcoifio boat 
of tho liquid or gas whioh is used instead of 
water. Tho water or other medium is con¬ 
tained in a glas9 or metal vessel or tube, by 
w hloh and tho combustion chamber or burner 
a portion of tho heat ovolvod is retained. It 
is ouatomary in bomb and oilier nun-continuous 
calorimeters to determine experimentally tho 
mean specific heat of these parts of tho calori¬ 
meter, and to reckon their heat absorption in 
terms of tho weight of water which would show 
tho saino rise of temjKU'ftturo if the same 
nmnbor of heat units were imparted to it. This 
is commonly known as tho “ water-cquiviilont" 
of tlio calorimeter, and has to bo determined 
for each instrument. Its determination by 
present methods introduces an uncertainty in 
tho results of bomb calorimetry of nearly 
0-2 por cont. In calorimeters of tho flow typo 
in which ft heat equilibrium becomes established, 
tho analogous uncertainty in tho results may ho 
reduood to less than 0-1 por cont. 
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§ (7) TiiKJtMu.M KTitv. —The rise of tempera- 
t ine caused by the combustion of the fuel in 
the calorimeter is usually measured by moron r\ 
thermometers, either used directly or used as 
reference standards to cheek the records of 
some other thermometrie device. Thus the 
degree of accuracy attainable in fuel calori¬ 
metry generally defends ultimately on the 
sensitiveness of the mercury thormomotor, 
w hich when all sources of error aro considered 
and corrections applied cannot bo much highor 
than 0-005°, and in most cases even with high- 
class thermometers is not, in roaiitj', highor 
than 0 - 01 °. 

The errors in thormomotry in connection 
with bomb calorimetry have been fully 
discussed by G. N. Himtly in llio Journal of 
the Society of Chemical Industry , 1010, xxix. 
917, and in the Analyst, 1915, xl. -11. Briefly, 
the capillary tube errors may amount to, but 
will not exceed, one unit of tho divisions if the 
thermometer is used without special calibra¬ 
tion, but this may bo reduced to 0-01 division 
or 0-001 ° by calibration in special oases. 
External and internal pressure and temporary 
depression of zero errors aro negligible in tlm 
conditions of use of thormomolors in bomb 
calorimetry. Tho other errors can host bo 
eliminated by determining tho water equivalent 
of tho calorimeter with tho same weight of 
water at different tomporotures, and therefrom 
plotting tho apparent water equivalent as a 
function of the temperature. In determining 
the water equivalent, a pure substance such as 
benzoic add or pure cano sugar of which the 
catorifie value is accurately known is burned 
in tho oalorimotor. 

The errors in thermometry in connection 
with How and othor calorimeters in which the 
rise of temporature measured is more than 
10 5 comprise many of the foregoing, and others, 
such as that for the varying length of stem 
exposed to tho atmosphere, which may be 
largely eliminated by appropriate design of 
the calorimeter. While the exposure of tho 
thermometer stem to the air of tho room may 
conceivably in certain calorimeters account 
for an error of as much ns 0 - 1 °, it is very rare 
that the orror is more than ono-lifth of this 
amount, owing to the fact that tho thermo- 
meter stem is usually so situated that its 
temperature is more nearly that of tho bulb 
than that of the air of the room. Tho correction 
winch would otherwise bo appropriate for the 
exposed stem of the thermometer becomes 
aigcly merged in tho general correction for 
ladmtion and other heat Josses from tho 
calorimeter itself. 

W !‘ OCO rofttlin ff 8 are made 
on two thermometers it is essential that the 

( ra 1 8l, ° 1 Ultl bo ^-standardised at 

ilet Vais of about twelve months until it is 


change of zero through lapse of time. The 
artificial ageing of thermometers, though of 
groat service, is not always equally effective, 
and is frequently neglected ovon with thornio- 
motors purporting to bo of high grado. 

§ (8 ) Jnohikntal 11 BAT Loss us.—Radiation 
from tho instrument is, with tho majority of 
types of calorimeter, tho most important of 
tho incidental hent Josses. In the bomb typo 
of calorimeter its effect may be eliminated 
{(.<:. reduced to not more than 0-015 per cent) 
by the application of a formula, d edit cod from 
Newton’s law of cooling, by Regnnult, 
I’faundler, and Oussoff, The following obser¬ 
vations aro needed : T 0 , tho mean lompomturo 
of the calorimeter, anti t„, tho final temperature 
during the initial period ; t, the final tempem- 
turo of tho principal or combustion period, 
and T, tho mean temperature of tho calori¬ 
meter during tho final or cooling period, Tlum 
if n is tho numhor of minutes in the principal 
period, V 0 the mean loss of heat in a minute 
during the initial period, V tho mean loss of 
heat in a minuto during the principal period, 

\ tho mean loss of heat in a minute during Mm 
(mat period, and S tho sum of the minuto 
readings of tho thormomotor during Min 
prmoipal period, wo find for tho correction 
nv tho vahio 

li'or let q lio Urn rale cl loss of bent per unit differ- 
eneo of lompumUire between the enl.nlinetei- and tho 
air, T tlionir lonipemt.no, /,. Uw tempera. 

InreH of theoalarlmoter at ... of Hie Unit, m-eoiul 

: >» (o / the litml toimioratiuv 

llio mean temperatures .luring the Ural, sedimd 
all, nnnutes are , . !(,„.,, )r 

am by Newton h law nf entiling the less of heat in 
enoh inimile is 

\ • - .. 

•1 'iff..-, I /) -TJ. 

IT of ,K * 1 f " 11,0 period is 

«V. Mills adding those quantities 

«V“7{(/.+ ( / 0 /) :«T{ 

iffo-O-Vl’j. 

Afsn since T„ is the a verage temperature timing dm 
initial and l during the final perioil, 

Vo^'/jTo- i'i. V'^jT'-.j.}. 


Thus 


wliilo 


* V- 
T-T-- 


domonstrated thereby that there is no fUhor ! 


■Substituting these values wo have 

n v -«y 0 ;?i,s .p i( , o _ t) _ nVi 

Hunlly has pni.ilcl out (lor., cit.) that for n given 
instrument, n given class „f fuel, and a constant rate 
may be simplified, lieoauso 
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thcsii me t!jo three conditions wJiioli determine tlm 
<>f Hie ti!iie-lcMi|i['iatiiii! curve, anil if they arc 
constant .S/T-T,, liecomes a cimslunt which cun ho 
nHcuiiaincd onoe for all. 

'I’lio foregoing formula eliminates also tho 
losses due to evaporation, and tho gain from 
tho development of hunt due to the friction 
of tho stirrer. Tho value of tho radiation 
correlation can ho reduced to nil amount which 
may bo neglected hy using in tho calorimeter 
water a few degrees lower in temperature 
than the surrounding air. This method of 
equalising the heat transfers to and from tho 
instrument is frequently applied in continuous 
wuter-flmv calorimeters in order to render un¬ 
necessary spooial oorreetions for radiation, etc. 

The heat of fusion of the ignition wire, ami 
the heat of combustion of uny cotton or 
collodion attached to it, aro allowed for, if 
conditions are kept constant, in the determina¬ 
tion of the water equivalent of tho hnml> 
calorimeter. A certain amount of nitric acid 
is produced from the atmospheric nitrogen 
initially in the bomb, or from nitrogen (if any) 
in the fuel, and this is fairly constant for’a 
Jmmli of given capacity used' on similar fuels 
with the same oxygen pressure, etc. It will 
lm responsible for a liberation oft, 0 12 calories 
according to oirouinstances, and is deducted 
from the observed oulnrilic value in all tho 
more accurate calorimetric work. A littlo 
water is put in the limn!) before if is dosed, 
and this absorbs the nitric neid formed, which 
is subsequently determined by titration with 
standard alkali, and the necessary deduction 
(inkmlatod accordingly. If the fuel contains 
sulphur, the latter is oxidised in the bomb 
wholly to tho trioxide, which is absorbed by 
tho water therein. If is onstninary to assume 
that in the oomhiiNlion of fuel in grates and 
furnaces, sulphur is oxidised to sulphur 
dioxide only, and a deduction is accordingly 
made from tho observed ouloi-ilhi value iii 
respect of the additional beat developed 
in the bomb from the sulphur. The propor¬ 
tion of sulphur present is ascertained by a 
determination of the sulphuric acid in tlm 
water contained in Mm bomb. The imminip- 
tiuu that sulphur in find, c.//, coal, when Mm 
latter is consumed in a funuieo, is oxidised 
te sulphur dioxide only is now known to bo 
iueommt, as sulphur triexide is always formed 
also—mum or less according to tho fun moo 
conditions, ole. It is, on Mm whole, hotter to 
emit the sulphur oorrccl ion, as, at least in some 
uses of a fuel, it is possible Unit very Hourly Mm 
whole of tlm sulphur is Imml, to tlm frio.xide, 

§ {!)) ■Dk'l’aii.s <ik ill.AMiiMn.A'riuN. • -Tlm 
principal oorroolinmi and sources of error in 
fuel calorimetry, with the llerthelol. bomb 
in particular, have been enmiiemled, and if is 
only necessary in regard to dcl-omiiimthmu 
of oalorido value with Mm bomb In refer to 


•too 


one or two points in its manipulation with 
different typos of fuels. It is usually filled 
wiMj oxygen to a pressure of 25 atmospheres, 
•mt higher pressures arc used with a view 
to securing complete combustion of coke, 
anthracite, and other not readily combustible 
luels The, platinum or gold lining of the 
oertholot bomb is replaced in the Mnliler 
ami other industrial types hy an enamel 
mmg, which does not affect tho accuracy of 
he results obtained so long as it remains sound, 
bub it needs renewal from time to time. Tho 
capacity of tho bombs for industrial use is 
generally appreciably greater than that of 
Mm platinum-lined Boithelot bomb, miohim- 
as much as 750 o.e. as compared with 250 to 
<>00 c.c. for the latter. 

§ (10) II m in .y Voi.a'J'iijM Lipin ns.—The 
determination in tho bomb of tho calorific 
value of highly volatile liquid fuels, such as 
petrol, benzol, and, in particular, tho motor- 
Hpints produced by the cracking of heavy 
rm‘ n< j!. <>l1 ’ “l* 1 ** Ls a Problem presenting special 
ddllenities, The partial volatilisation of such 
liquids in the bomb lends to error in the results, 
due partly to the heat of evaporation of an 
uncertain proportion of tho substance and 
parMy to incomplete combustion of the vapour. 
Jmiiholot s method of weighing out the volatile 
liquid m a small glass hull) which is sealed, 
or m a tiny thiii-glnss flask with ground-in 
h topper, and placing round this in tlm bomb 
a known weight of camphor, naphthalene, or 
other eombuHtible of known calorific value 
answers well. The ignition and combustion 
'-f the camphor expels Urn liquid, which is 
forthwith completely burnt. A less satis¬ 
factory alternative, also suggested by Borlholot, 
is the use of a capsule of collodion, into which 
Mm ignition wire passes, for containing Mm 
volatile liquid, which is then burned without 
Mm addition of camphor, etc. Home workers 
miIniMiiilo celluloid for collodion, 

Tho calorific value or highly volatile liquids 
may also lm determined, if their latent bent 
of evaporation him been ascertained, hy com¬ 
bustion of tlm vapour in a special lamp or 
burner in one of the forms of flow calorimeter 
Used for gaseous fuels, and this is the best 
method when large inimhi-rs of deform illations 
have to be made on different samples of 
Volatile liquid, c.,y, motor-spirit. 

§(H) WATHn-Ki.mv (Saji < •ai.ohimktI'Uih.—. 
Tlm most widely known of the early forms of 
waler-llow gas calorimeter is thal! of .Junkers, 
which, however, resembles in prineiple an 
instniment designed earlier by Hartley, These 
calorimeters and subsequent Modifications 
of them consist of an assembly of parallel 
vertical condenser tubes, down the interior 
of which pass tho products of combustion from 
a gas burner, while water flows upwards round 
their i*xte"»"’ 
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centre of the vertical cylindrical apace formed 
by the amildar water chandler of the con¬ 
denser, which water chamber extends inwards 
at the top and furms a roof over the burner 
chamber. The gas is burned at a uniform 
rale, measured by an experimental motor 
of the wet type, and the rate of (!mv of tho 
water, which forms a counter current to the 
gaseous products of combustion, is also 
uniform and is measured. Tho dilforoneo 
between tho inlet and ontlob temiioratures 
of the water flowing through tho instrument 
affords a measure of the calorific value of tho 
gas, sineo tho quantities of water and of gas 
supplied to it in any convenient interval of 
time are known. Another form of wntor- 
fiow calorimeter, designed by C. V. Roys, has 
tho water flowing through u continuous eoil of 
tube, the heat-absorbing surfaeo of which is 
increased by coils of Clarkson wiro or discs 
joined to it by tin or solder, while tho products 
of combustion pass in a counter current 
through the annular spaces in which tho tubo 
is coiled. Tho Boys calorimeter is the stand¬ 
ard instrument proscribed by tho gas rcforces 
for ascertaining the calorific value of town 
gas supplies in tho Unitod Kingdom. 

Various modifications of tho Hartley, 
Junkers, and Boys calorimotors liavo boon 
introduced, especially in the Unitod States 
of America, mostly with the object of eliminat¬ 
ing possible soiircos of small orrors, for which 
corrections can bo readily introduced wherever 
the degroo of accuracy of tho determination 
in other rcspocts warrants it. Many of those 
errors are wiped out automatically if tho 
testings are made in a room of uniform 
temperature, and with tho water supply to 
tho instrument at a vory slightly lower 
temperature than tho air of tho room. Sineo 
there is a contraction of volumo on tho com¬ 
bustion of most gases, an error is introduced 
if both tho gas and the air supplied for its 
combustion are fully saturated with water 
vapour, duo to tho heat of vaporisation of 
tho water vapour condensed from tho lost 
volumo being added to tho heat directly 
resulting from tho combustion of tho gas. 
Atmospheric conditions of temperature and 
humidity in tho United .Kingdom aro, as a 
rule, such that the results obtained with ft 
gns calorimeter supplied with air whioh has 
not been artificially humidifiod need very littlo, 
if any, correction on account of tho humidity 
of tho air and tho contraction on combustion. 
Errors of thermometry, ns already men¬ 
tioned, are common to nearly all types of fuel 
calorimeters, and can bo eliminated in gas 
calorimetry by the usual precautions and cor¬ 
rections. Errors duo to radiation and con¬ 
vection currents vary with tho form of tho gas 
calor.imotor, and if tiro calorimotor room is of 
fairly uniform tomporaturo, can bo eliminated 


by tho use of a correction factor, which varies 
slightly with the room and water tom point m-os. 
It can bo determined experimentally for n 
particular set of working conditions. 

Tlio errors of tho calorimetry proper nro 
commonly of smaller dimensions than tho 
orror of measurement of the gas burnt- in 
the calorimeter. This measurement has ordin¬ 
arily a minimum error of one-third of I per 
cent either way, but it is quite easy to reduce 
this error to about -J.0-2 per cent, which in ay 
bo taken ns tho possible orror in tho calori¬ 
metry propor when ail ordinary precautions 
aro observed. In special conditions and with 
exceptional precautions, the aggregate error 
in gns calorimetry, including the error of gas 
measurement, need not exceed J; 0-2 pm- cent. 

§ (12) ttKOOHtUNO C!,ll.OIUMHTKItK. —Oalori- 
moters for producing a continuous record of 
tho calorific value of gns have been miule for 
some years past by Junkers and others, and in 
tho Unitod Kingdom tho gns referees aro now 
required by tho Ons Regulation Act to pro- 
soribo a recording calorimeter for testing 
continuously the calorific value of tho gns 
supplied to consumers in all tho larger towns. 
Ah a fact, however, up to tho Unto of writing, 
no recording gas calorimeter has boon approved 
as of a sufficiently high degree of accuracy and 
trustworthiness for use in such official testings. 
Tho design of an instrument which will meet 
these, conditions is now earnestly engaging tho 
attention of physicists, and several patterns 
are already on trial. A recording gas calori- 
inotor should embody means for: (1) furnish¬ 
ing a flow of gas to a burner at a known and 
constant rate, in terms of unit volumo nt 
normal tomporaturo, pressure, and humidity, 
irrespective of fluctuations in tlu* tempura- 
ture, absoluto pressure, and density of tho 
gns; (2) furnishing a flow of water through 
tho calorimeter at a known constant rate, 
irrespective of fluctuations in its temperature 
(and of the consequent fluctuations in its 
viscosity), salinity or hardness, and content 
of dissolved gases, and (fl) measuring the 
difference in temperature of tho water entering 
and loaving tho calorimeter, and recording on. 
a sufficiently open chart the product of it and 
tho factor which for the givon rates of flow 
of water and gas gives tho calorific value of 
unit volumo of the gns. 

There aro minor points, such ns the effect 
of varying humidity of tho air supplied for 
combustion of tho gas, which have to bo borno 
in mind in tho construction of an ideal reourd- 
ing gas calorimotor. It is a comparatively 
easy matter to design an instrument which 
will afford a fairly prociso record for, say, 

24 hours, at tho beginning and end of which 
ponod its indications are ohooked by personal 
observations. The problem now is to design a 
recording calorimotor whioh will automatically 
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A ri'rilifft 
l!;ilnrlt!l 

[H‘P Klli>. 

Kmir of 
Dotorniluu- 
Moil, (.'ulorln 

Anthracite (dry) .... 

8,300 

-J; lt» 

Admiralty Smokeless Strain 
Coal (d'i'v). 

8,250 

415 

liituiniiKiiiK Steam Coni (dry) 

8,000 

-1-15 

Bituminous tins Coal (dry) . 

7,800 

± 

Scotch Splint Coal for blast 
furnaces (dry) 

7,400 

4-15 

Durham Oven t.'uko (dry) . 

7,0110 

:!: 15 

{Jus Coke (dry) .... 

7,400 

4; 15 

Feat (air-dried. ‘->(1 per cent 
of water). 

4,200 

± 10 

Heavy Petroleum, for Imiler- 
firing and Diesels . . 

10,700 

±15 

Kerosene . • • • • • 

11,000 

± 15 


11,100 

-1-20 

Benzol, motor-spirit grade . 

10,000 

4 20 

Alcohol (Methylated Spirit) 

0,400 

4- 15 

Uuhch iimauml id 00° F., iff) »'/». in ul mlitndnl. 

Coal (las (Smith Metro- 

Culnii™ 
tier Uulil” 
Finit. 


politae (las Co., 1021) . 

140 

4; 0-30 

Town (ins in Great Britain 
(average), 1031 . . . 

120 

±0«25 

Water (Ins, imearimreUed . 

7ft 

I.O-20 

Mend Gas (South Stafford, 
shire) . 

38 

±0-10 

Suction Producer Gas, bom 
nnthmiiito. 

:ir» 

;i;0’10 

Producer Gas, from gas-uoko 

37 

± 0-10 

Oil-Gus, after compression . 

275 

•I; O’50 


4.11 


mako all necessary adjustments and give a 
trustworthy record throughout a longer period, 
say 8 or 14 days. 

§ (13) Calorific Values of certain 
Fuels. —The accompanying table gives typical 
or average results for the onloriiio vuluo *»f' 
samples of various industrial fuels, with the 
approximate error of the determination by 
tho best methods and operators in the ease of 
a particular example. The margin of differ- 
enee. between the culorilic values of different 
samples of the same class of fuel is, of course, 
■very much larger than this error of deter¬ 
mination. W. J. A. n. 


Fuels for Petrol Engines. See “ Petrol 
Engine, Tho Water-cooled,” § (.">). 

Function, Unknown, IO.m'Eiumkntai, Dethr- 
XIination ok, when the non-dimensional 
variables connected by the unknown 
function havn boon discovered by tho 
method of dimensions. See “Dynamical 
Similarity, The Principles of,” § (111). 

Function, Unknown, More Accurate De¬ 
termination of, by dynamical similarity, 
in the ease of heat loss from long circular 
wires past which air is streaming. Sen 
“ Dynamical Similarity, Tho Principles of,” 

§ m 

Fusion, Latent Heat of: a term used to 
denote tho quantity of bent required to 
convert unit mass of n solid at the melting- 
point into liquid at Ihosiiino temperature. 
See “ Latent Heat," If. 


- ( 

Gaeijh Rotary Pumi\ Son “Air-pumps,” 

S (17)- 

Gamma, the Ratio of Sreoikio Heats of 
Gases, at eonstaut pressuro and at constant 
volume. Sen “Engines, TliermodynnniioH 
of Internal Combustion,” § (ID) (ii.); 
“ThormodynnmioH,” § (Hi). 

GAS OALORIMI'ITER 

§ (l) Introouctorv.— -To measure the heat 
of combustion of gas some form of Dow 
calorimeter is usually employed. The gus is 
burned at a measured rate in a special burner, 
which is surrounded by a coil of metal tubing 
through which there is a steady and oon- 
timtous flow of water. Tho apparatus is so 
arranged that the produets of combustion an 
they rise from the burner give up practioally 
tho whole of their heat to the water. An 
increase in the temperature of this wator is 
thus produced, and by measuring this increase 
and the total flow when tho temperatures have 


1 __ 

J 

become steady, tho heat produced can ho 
onloulutod. In some forms of apparatus uir 
is used in place of water. 

It is necessary to wait until a steady state 
has been readied, for when the apparatus 
is first started much of Iho heat is used in 
raising tho tonqieraturo of the onlorimetor 
itself. The fundamental quantities which it 
is necessary to know are tho rato of flow of 
tho gas, the quantity of water passing in a 
given time, and the diftorcnce in tonqieraturo 
between tho inflowing and the outflowing 
water. Corrections are required, ns described 
in the article on “Fuel Calorimetry,” for the 
loss of heat by radiation from the calorimeter 
and for tho boat given out by the steam 
formed by the combustion in condensing to 
wator. The escaping products of combustion, 
moreover, may ho either wiirmor or cooler 
than the gas and air entering tho calorimeter ; 
they may ooeupy a smaller volume and urn 
saturated with wator vapour. They may 
therefore contain a small quantity of limit 
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due to combustion, which must ho added to 
that found fnnn the flow of water, or if tho 
temperature of the water is loir they may give 
up heat not due to the combustion, and this 
must be subtracted from the calorific valuo 
found from the flow and rise of temperature 
of the water. 

§ (2) The Standard Calorimeter of the 
Gas Referees.—I n Fig. 1 is shown tho Roys 
Gas Calorimeter, the standard instrument 
authorised for use by tho (Jus Roforoes. Tiio 
calorimeter is composed of three parts: {() Tho 
bnso A, which carries a pair of steatito humors 
Ji and a regulating tap. The upper surfaco 



of tho bnso is oovorod by a plato of metal, 
perforated nt the contra and licit! in plueo by 
three centring blocks C, Below the plate is 
ft recess the bottom of which is oovorod In- 
felt, and six holes Z drilled in tho base givo 
communication with tho outer air. A tube 
X of fibro conducts the air to tho baso of tho 
burners. 

(2) An annular copper vossol I), jaokotod 
by felt R and protected by an outor covering 
o, rests on tho blocks C and is contrcd by thorn • 
tho interior surface of this vcssol forms a 
chimney E; it is also fitted with a con¬ 
densed water drip E. Air outers between tho 
blocks G, 

n (3) ,-T l 'n to,) of t,lis vcsacI ]) is closed by 
tho lid G, to which is attached tho water 
circulating system of tho calorimeter. Tho 
water enters at 0 through an inlot box which 


contains the thermometer by which tlx leuipern- 
fcuro is measured. 

In order to maintain a uniform flow the 
water-supply conics from an overflow- .funnel 
fixed to tho wall at a height of about one 
metro above tho baso of tho calorimeter. A 
tubo leads from this funnel to tin* in lot pipe 
of tho calorimeter, and in this tube in a dia¬ 
phragm with a hole about 2 -fi mm. in diameter. 
A second tubo is connected to tho wuter- 
supply through a regulating tap, while a third 
tubo, tho open end of which is at a height of 
about two inches above tho bottom of tho 
funnel, is connected to tho waste wink. 'Tho 
tap is opened until there is a slight trickle 
of water through this third pipe; thus a 
constant head is preserved. 

Tho water circulates through a hoiix of 
copper tubing to the bottom of tho oalori- 
motor and then up again to tin* top, where 
it enters a temperature equalising box II; 
hence it pnsscs through baffles to the out¬ 
flow box P; this contains tho second ther¬ 
mometer, by which tho tompomturo of tko 
outflowing water iu measured before it finally 
escapes as indicated in tho figure. Ilotivec’n 
tho outor mid inner coils M and N in plums I 
a brattico or annular partition Q cuti turning 
oork dust so ns to net as a heat insulator ; the 
top of this is closed in an air-tight nmiinei- 
by a wooden ring wiiich prevents tho iici-ohs 
of moistuio to the cork. 

T’iio products of oomhustion riso in the 
ohiniuoy E, then pass down over tho ooifs M 
ho tween the eliinmoy and tho moor Hiirliieo 
of tiio brattice, rising again in tho annular 
spaoo hotweon its outer surfaco and the 
inside of tho vessel I), and finally escape 
through a number of holes in tho jh|, their 
temperature being measured by a tlinrnminntor 
fittnch ns shown at G, for tiiis purpnao. Their 
bout ,s given up to tho Water circulating in Mm 
coils, and its amount is measured by tho rise 
in temperature of this water us indicated by 
tiio diiiercnco between the thermo motor* <) 
and P. 

The steam fonnod by tiio coinhimlion in 
ooiidonscd by its pnssngo ovar tho enibi, mid 
tho water of uoiulonsation escapes l.y the 
outlet E and is measured, 

. § Method of Exi-ekimiont.—Ih mm . 
mg out an experiment tiio gas is fori to the 
humor through a motor and a prcHHiu o regu¬ 
lator. Tho tap of tiio oalori motor in regulated 
so that tho motor hand makes one revolution 
m from 00 to 7(5 seconds. Tho water is allowed 
to llow through tho calorimeter and tho gas 
lighted; tho whole is left for not Iohh than 
riO minutes for tiio temporatures to become 
steady, tiio thermometers being rend from 
time to time. Tho escaping water pusses into 
a ohmigo-ovor funnel, tiio position of which 
can bo rapidly altered so as to direct Oho flow 
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combustion escape at a temperature about 
I°-ij above this. The water enters tlio calori¬ 
meter tubes under a constant head, and the 
flow is controlled by a needlo valve enabling a 
line adjustment to* bo made. In this manner 
a uniform flow both of gas and water is 
secured. 

The temperature difference is measured by 
a differential air thermomoter; the inlot and 
nutlet boxes each respectively contain, in 
addition to tho ordinary thermometers, a thin- 
walled coppor box ; eaoh of these is connected 
by capillary copper tubing to one of a pair 
of aneroid bellows; they thus form tho bulbs 
of a differential air thennometor. Tho two 
bellows are rigidly coupled by a commoting 
rod; thus the position of tho rod depends on tho 
difference of pressure of tho air in tho two 
bellows, and tho rod moves ns this pressure 
difference varies. 

Changes in the pressure difference are in 
dicated by a suit-ablo mechanism attached to 
the rod and recorded by n pen on a moving 
chart. Before starting tho caloi-iinotor, when 
tho wholo apparatus is at one tomporaturo, a 
connection is opened between tho bellows so 
that tho pressures in tho two aro equal; tho 
connection is then closed and tho apparatus 
started; ns one of tho two coppor boxes is 
heated tho pressure of tho enclosed air risos 
proportionately to tho riso of tomporaturo, 
and henco tho mechanism indicates tho tem¬ 
perature difference between tho outflowing ami 
inflowing streams. 

If tho chart moves uniformly and tho water 
flow is also maintained at a uniform rale, the 
ordinates of tho curvo traced measure tho total 
heat produced. 

Tho calorimeter is put into adjustment by 
determining tho calorific valiio of tho fuel 
in the ordinary way by tho aid of tho thor- 
Jiioinoters provided with tho instrument; 
tlio pen is then set nfc this value corrected to 
normal pressure and temperature, and tlio 
instrument gives a continuous record. 

Tho report already quoted concludes with 
tho statement that "tho variation of tho 
recorder soldom exceeded 2 per cent, notwith¬ 
standing tlio fact that tho tomporaturo of tlio 
nil- nnd water wore not artificially controlled 
and there is a prospect that tlio limits of error 
may bo substantially reduced,” 

§ (C) Tub Thomas Recording Carohimktkr. 

—In this instrument the cooling medium i« 
air, not water; tho gas is burned in a closed 
space; tlio products of combustion pass down¬ 
wards through a tube surrounding tho burnor. 

Tho tube is surrounded by a second tube 
through which a stream of cooling air passes 
upwards; this tubo is open at tho top, but is 
covered by a cap which forces tho cooling 
air to flow back outside tho tubo, and 
finally to cscapo into tho atmosphere. Tho 


difference of temperature between tho in¬ 
coming and outgoing air is recorded by tlm 
instrument, and tho rate of flow being 
known, and also the specific heat of air, 
tho total heat produced by tho combustion 
is obtained. 

Tho temperature difference is measured by 
two resistance thermometers commoted to a 
special form of Wheatstone’s bridge in suoli a 
mannor that tho difference between tlio two 
resistances is recorded ; tlio galvanometer of 
tho bridge nets ns relay actuating the rewording 
mechanism. Tho gas to bo tested, tho air 
required for combustion, and tlio cooling air 
aro supplied through three wot motors, which 
aro connected together in suoh a wuy that 
tho quantities supplied boar a constant ratio 
to each othor. Those motors am partially 
submerged in water in a largo tank, nnd the 
air supply is drawn from above tlio water 
in tlio tank; it is thus saturated at tlio pres¬ 
sure and temperature of tho tank. The gas 
supply pnssoa through a governor which is also 
submerged in tlio tank ; it is subject, therefore, 
to tho same changes of pressure nnd tampora- 
turo as tlio cooling air. 

.Since tho quantities of gas burned amt of 
air employed to cool tho products of oombus- 
tion to their initial tomporaturo hour n con¬ 
stant ratio to each other, tho riso of tempera- 
turo is a measure of tho total boat produced 
mdopomlontly of tho rate of flow. The gas 
and tho air required for its combustion arc 
supplied m proper quantities by the respective 
motors and mix in a mixing chamber before 
thoy roach tlio humor. 

Tho apparatus is set by burning gas <ff which 
tho calorific value lias boon determined in- 
dopondontly ; it will then rouord variations in 
tho oalormo power. 


Gah-oomstaot. Tho ratio of tho product of 
tho pressure ami volume of. any gns to its 
absolute tomporaturo which is' a constant 
quantity if tho gas laws aro assumed to hold 
strictly. Its value if p is measured in 
atmospheres and v in cubic eontimcircs is 
o-'O-l. Sen “ Thermodynamics,” § ( 0 ). 

GAS-mSPJ.AOKMNNT (HUMl’lIHEY) j>. Noe 

“ Hydraulics,” § (42). 

Gas Engines : 

Relation, of weight to power i u Non 
Engines, Internal Combustion,” 3 ( 7 ), -• 
Typo* <>f. See ibid. § (4). 

Gas Laws, Deviations room tun, various 
methods of expressing. Sco “ Thermal 
Expansion," § (26), 

G as- so an n Corrections s nfc temperatures of 
-lOO 0 , 60°, 400°, 1000°, ciomparlson of, in 
thousandths of-a degree, tabulated. iSeo 
” Pomporaturo, Realisation of Absolute Hcalo 
of » § (20), Tables 6, 0, 7, 8. 
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Can SiiAr.K of TuMiM-utATUitK: 

Correction to, Soo “ Thermometry,” § (5). 
Measure of Temperature l»y. Soo “ Thermo¬ 
dynamics,” § (4); “ Engines, Thermo¬ 
dynamics of Internal Combustion,” § (8).. 
Can Tn fkmomktfii, tiih Actual. Sco 
“T emperature, Realisation of Absolute 
Souk) of,” § (8). 

Gahmn: 

Kinotio Tlioory of. Sco “ Thermo¬ 
dynamics,” § ((!(>). For Expansion of 
Gases soo also § (4) of samo arfciolo. 

Methods of measuring Tiiormal Conduc¬ 
tivity of. Cooling Thormomotor Method 
—Hot Wire Method—Film Mothod. Soo 
“ Heat, Conduction of,” § (8). 

Relation of Thermal Conductivity, Viscosity, 
and Speoifio f loat. Soo ibid. § (10) (iii.). 
Tiiormal Conductivity of Mixture. Soo 

ibid. § (1.0) (iii.). 

Values of Thermal Conductivity of. Soo 
ibid. Table V. 

Casks, Si’noma II.hath of: 

By Electrical Methods. Soo “ Calorimetry, 

' Electrical Mothods of,” § (111). 

Dotorminod hy tho “ Method of Mixtures.” 
See “ Calorimetry, Method of Mixtures,” 

8 (W). 

At High Tomporatmm Soo ibid. § (10). 
Variation of, with Temperature and Pressure 
(over moderate ranges). See ibid. § (15). 

CASES, SPECIFIC HEATS OF, AT HIGH 
TEMPERATURES 

§(L) Inthoduotion,— An increase in tho in¬ 
ternal energy of a gas may lie accompanied 
not only hy an increase in tho linear and 
rotational luuotie energy of tho molecules ns 
a whole, but also (except for numatomio gases) 
by an increase in the intra-moleeular onorgy of 
vibration of the atoms, Thin energy taken up 
in atomic vibration might be expected to 
increase with the temperature, thus leading to 
a greater iiicrcnse of internal energy |hh* degree 
rise of,temperature, or in other words a higher 
molecular tiiormal capacity or volumetric boat, 
at constant volume. 

- All gases which are not monatomic do in 
foot show a ttpouiiio heat increasing with tho 
tompornturo. Tho monatomic gases should, 
according to the kinotio theory of gases, all 
have a volumolrio heat which is independent 
of the temjievature mid equal to !j R» wiioro It 
is the absolute gas constant =*1*087 cal, per 
gram mol. Moreover y, tlio ratio of the 
volume trio bouts at constant pressure and 
volumo, should ho 1*0(1. Roth theso results 
have been verified experimentally. K.undt 
and Warburg found y for moroury vapour 
1-07 and Ramsay found it for argon 1-059 
and for helium 1*052. Tier inis measured tho 
volume trio boat of argod up to 2000° 0. by 


explosion experiments with oxygen and hydro¬ 
gen, and up to this temperature could find no 
sensible variation from tho theoretical value 
2*98 cal. per gram molecule. 

In tho ease of a perfect gas there can he no 
variation of volumetric heat with tho pressure, 
since 



anil the right-hand side of each equation is 
zero if pv and T occur in tho dm motorist ic 
equation in tho first degree only. In the case 
of air Wltlcowaki found that C» and Cp in¬ 
creased with tho pressure when the tempera¬ 
ture was constant, but tho variation only 
becomes large at very low temperatures, and 
above 0°C. tho volumctrio heats are nearly 
independent of the pressure. For the tlirco 
diatomic gases N s , 0 £ , and CO, whioli aro of 
importance in connection with intornal com¬ 
bustion engines, it may Bafcly bo assumed 
that 0„ and (J u are independent of tho pressure 
for tho range of toinperuture 100° 0.-3000° 0. 

It lias boon suggested 1 that tho volumctrio 
heats of CO, and tl 2 0 may bo dependent to 
an appreciable extent on pressure us woll ns on 
temperature and that they will diminish for 
any given temperature tho greater tho density. 
This is the reverse of what lias boon observed 
at low tomporatnres, and, as shown below, it 
Kcoms unlikely that, with (X), at any rate, 
it is so to any sensible extent for the tom- 
jKimtures of 1000° 0. and upwards with which 
one is chiefly concerned. In the easo of super¬ 
heated steam, for which Clio critical tempera¬ 
ture is :if>r>° C., tho oxporimonts of Knoblanoh 
and Mollior liavo shown conohwivoly that tho 
volumctrio lieats iuorenso considorahly with 
tho pressure for temperatures up to 500° 0. 
Probably thoro is somo variation with pressure 
abovo this temperature, hut tho amount is 
likely to ho too small to he of any importance 
in internal combustion engines: according to 
Knoblauch and Jacob tho variation of Op 
botwcon 2 and 8 atmospheres at 500° 0. is 
only about 0-0 por cent, and this will probably 
diminish rapidly as tho temperature gets well 
abovo the oritical tomporatnro. Since the 
critical tompornturo of CO a is sumo 330° 0. 
lowor than water, it seems very improbable 
that its volumetric heals vary appreciably with 
tho pressure at gas-engine temperatures. 

§ (2) Mhtuods of Mkasu hum knt.t- At¬ 
tempts to mens lire tho volumotrio heats of 
air, C0 2 , and 11,0 at high temperatures have 
been of throe typos. 

(i.) Constant pressure experiments, in which 
tho gas is heated externally, usually at atmo- 
sphorio pressure. 

• \Y. T. David, Phil. Mug. xxxtx. 051. 
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(ii.) Experiments in which the change of 
mean temperature of u mass of gas is measured 
while a known amount of work is (lono on or 
by tho gas. The change of temperature is 
calculated from tho change of pressure, as 
measured on an indicator diagram. 

(iii.) Explosion experiments, tho gases being 
kept at constant volume. 

Tho principal measurements in tho constant 
pressure class (i,) have been made byliegnault, 1 
Wiedemau, 2 Hoi born and Austen,® Holborn 
and Henning, 4 and Swann c ; thoao of class (ii.) 
by Dugaltl Clerk 0 ; and those of class (iii.) by 
Mallard and Lo Chatolier, 7 Langon, 8 and more 
recently by Pier 0 and Bjemim. 10 

In April 1908 tho lato Professor B. Hop- 
kinson gavo, u in his paper on “ Tho Thermal 
Efficiency of Gas Engines,” a curvo of internal 
energy and temperature for tho working fluid 
in his engine compiled from tho best data at 
Unit timo available. In Sop tom her of tho 
samo year tho Committee appointed by tho 
British Association to investigate “ Gaseous 
Explosions, with Special Roforonco to Tompora- 
tiiro,” made its first report. In this a valunblo 
summary of tho position of knowlcdgo at that 
date ns regards speoifio liOAta of gases at high 
temperature is given, together with a careful 
oritioisin of tho probable acouraoy of tho vari¬ 
ous methods of experiment. 

_ (i.) Constant Pressure Experiments. —Tho 
highest temperature readied in oxporinionts 
of tiio constant pressure typo is M00° C., 
by Holborn and Honinng, 1 and it is doubtful 
whether anything higher could usefully ho 
attempted owing lo tho very great technical 
difficulty of carrying out constant pressure ex¬ 
periments at these high tomporatures. ,a Sineo 
1008 tho results of Swann’s experiments on 
air and CO, have been published, and although 
thoy wore only niiulo at 20° and 100° C. they 
arc important ns giving a rcliublo datum-lino 
figure for tiio volumotrio heats at ordinary 
temperatures. Tho Gaseous Explosions Com- 
mittoo accepted Swann’s values ns correct to 
1 per confc, as follows: 

At 20° C. Atitm-Cv 

A,r • • • • f»0 Cal. per gr. mol. 

Carbon dioxide . G-9!t 7.70 


(ii.) Clerk's Experiments. 13 —Tho experiments 
of Clerk (class ii.) cover about tho samo 

* Mdmotresde VAcadimie, .Tan. 2(1. 1802. 

* dcr Physik., 187(1, civil. 

, Ipw. M/m mil. dcr lteichsanstalt, 1005, Iv 

* Ami. dcr Phusik, 1007, xxiii. 8UU. 

‘ Proc. Hon. Hoc. A, 1000, Ixxxil. 

8 lout. A,, Ixxvll. 

' Ann. des Mines, 1883. 


y.cil. des Ver Pculschen inn., 1003, xlvll. 
Zed. fdr hlektrochcm., 1000, xv, f,ao ; II 


807 '.— -w.w,.., x.'uu, .\ v, iuu ; 1010, xvl. 

ft? Mm. Ohm., 1012, Ixxlx.; and Veil 
fUrlJcktrochcm., 10(1, xvii. 731; 1U12, xvltl lot 
'1 lech. Jinn., 1008. 


aotry."J[eUnxl of Mix- 
ui S « nation,” § (74), 


rnngo of tomperature ns those of lloihom and 
Hoiming ami gave results about 10 per cent 
higher for tho mean volumotrio hunt. Tho 
accuracy of results from theso experiments 
doponds very largely on a. correct allocation 
of heat loss to tiio cylinder walls between tho 
compression ami expansion strokes. Glerk 
first assumed the loss during tho two strokes 
to bo tho same except for tho difYcvroneo of 
moan temperature of the gas, hut this is now 
known to bo very far from true, mid tho 
difference accounts in part for tho high values 
obtained for tho volumotrio heat. In order 
to obtain reliable results from experiments 
of this typo it is necessary to know more of 
tho condition of tho surface layers of gas near 
tho cylinder walls during compression ami 
expansion. 

(iii.) Explosion Experiments. —Tho majority 
of attempts to measure volumotrio boats at 
really high temperatures have boon by U 10 
explosion method, in which a known mixture 
of gases cnulosed in a vessel of constant 
volume is heated by internal combustion. 
Tho temperature after explosion is inferred 
from tho rise of pressure, and from this, 
ami tho known heat of combustion of 
tho constituent gases, a value is obtained 
of tho moan volumetric heat of tho vessel 
contents botwcon tho initial and filial tom- 
poratures. 

In interpreting tho results of experiments' 
of this kind there are several points of im¬ 
portance to consider: 

(a) The correctness of tho volumetric heals 
by this method doponds entirely on uu nueurato 
allowance being made for any loss of energy 
by conduction of radiation up to the point of 
maximum pressure. 

{(>) The maximum temperature inferred from 
tho maximum pressure in a menu temporal.uro 
for tho volume of gases. Tho actual .tom- 
poraturo range within tho gen is very wide: 
Jlopkinson 14 has estimated as much ns 11)00"- 
1100 ° C. when tho mean from pressure ob¬ 
servations was 1000° G. If tho spooifio heat 
wore tho same at nil temperatures thorn would 
ho no change of pressure during an equalisation 
of tomperature, and Mr, S. Lees 15 of Cam¬ 
bridge University has recently shown that, 
taking tho estimated conditions in Hop. 
kinson’s experiment, tho error from this 
enuso is probably well undor 1 per cent 
and therefore less than experimental errors 
of measurement. 

(c) The moan volumotrio bents are onion- 
uted on tho assumption that all tho available 
heat of combustion 1ms boon generated in tho 
gas at tiio moment of maximum pressure. 
J.liat is to say that all tho carbon and hydrogen 
are then presont ns GO, and H,(), If any of 

“ I roe. Camb. Phil. Son. xx, pt. HI. 
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the gases nro still uncombined, or in other 
words if uny of the CO.j and H a O are dissociated 
at the highest temperature reached, and arc 
present as CO-1-0 and 2li s -l-0 2 , the effect 
will ho to lower the maximum temperature 
and give a higher valuo to the calculated 
volumetric heat. On this account many of 
the results from explosion experiments have 
boon called “apparent volumetric heats”; 
meaning that any effect of dissociation 
is included in them so that tho trno volu¬ 
metric heat will he lower than the “apparent" 
value. 

It is important to notice Unit, this use of “appar¬ 
ent” volumetric heats is highly niiHalisfaclory for 
tivo reasons: the amount of dissociation and, there¬ 
fore, tho apparent volumetric heal depends not 
only on temperature hut on pressure, and will 
therefore vary according to the starling pressure of 
tho experiment i and, secondly, the apparent volu¬ 
metric heat of products of eomhustiun containing 
both Clb and .11,0 cannot properly he euluulatcd 
from lluuippnrcnt volumetric heats of ft), and 11,0 
found separately. CO.j and 11,0 have a dissociation 
product, <)„ in common, and tlm presence of one in 
a dissociated state will depress the amount of dis¬ 
sociation of tho other, and vice vemt. For this 
reason tho only satisfactory method is Hint used in 
sumo of the more recent experiments, of which 
results aro given lioloiv, in which uii excess of one 
of tho combining elements is maintained during 
combustion sufficient to depress (he dissociation to 
a negligible amount. In this way true volume trio 
heats are obtained, 

§ (3) ItKSUIiTH OK KXPNIUMI'INTS.—JInphiii- 
son linn givon, in his paper, 1 liguroH for tho 
mean volumetric boats of air, CJO M and ll n <) 
up to 800°, 1400°, and 1000° baaed on tho 
work of Holhorn and llonning, Ilolhorn and 
Austen, Langon, and Olorlc. TIioho figures 
•Hopkinson ootmidorod to give the best com¬ 
promise between tho rather discordant results 
at high temperatures of Holhorn and Henning, 
and Haugen. 

Hopkinson’s figures aro as follows : 


Mean Vomjmuthio IlHA'r in Oai.oiuioh mil Guam 
Moj,ikuji,u iron Kanom 100° 0. w t ° 


t° a 

800. 

1-100. 

1000. 

CO, 

8-0 

10-45 

11-05 

ir,o . . 

(1-5(1 

7-8 

1 10-0 

Air . . ! 

5-08 

5-55 

5-05 


Tho energy curvos obtained from them aro 
shown dotted in b'iy. 1. 

Since the abovo figures wore given by 
Hopkinson, a number of values for the 
volumetric heats of N a , C0 8 , and H,0 liavo 
boon published liy Hjorrnm, based upon his 
own and .'Pier’s results of explosion experi¬ 
ments with hydrogen, oarbon monoxide, and 

1 Loo, art, 


acotylonc. Thesecarry tlm observed volumotrio 
heat values up to 2-100° C., 2700° O., and 
3000° C, for No, CO a , and H a O respectively. 



The figure's given by Jijorrum aro ns fallows : 


f Cl. 

2001 
0:10 1 
101)0 | 
11147 J 


min' 

m3 

Him 

2182 

23117 


Kent Nitjioobn 2 
ill run Values 0° (!.-('■(!. 


Ilolliorn ami llemiing 


I 

\ 


Velum. Heat. 
Gill. Cl rum Mol, 
-.1-73 
•iin 

ft-ni 


Mean Values 18° O.-»* O. 

l’ier'n experimeuls tveill- 
unluled by Mjeernm 


fi-43 

5-58 

fi-70 

5-87 

f)-n;» 


h’ou Wa'I'kii-vai’oimi 51 


0201 
1000 
1827 J 


Mean Values 110" Cl.-*'* <). 
Jlolborn mill Henning 


1811 

2110 

21)77 

2(103' 

2008 

300-1 


Mean Values 18“ 0.-4" O. 

Pier’s experiments recal¬ 
culated by lljcrrum 

Jljcmmi 


Fou Camion Dioxide 3 


200 ' 

(130 

1000 

1304 

1011 

1830 

2110 


Menu Values 0° 0,-t“ <J. 
Jlolborn ami Henning 


l'icr 


ts-fii 
(1-05 
7-K) 


7- 02 

8- U4 
0417 

10-00 

10-5 

10-0 


7-48 

80 

0-33 

(>•81 

0-UH 

10-28 

10-47 


Menu Values 18° O.-l" O, 

2714 lijcrnini 4 10-0 


Thoro is no doubt, in tho light of Kwann’n 
experiments on air, Hint tho values given by 
Holhorn and Ilenning for nitrogen up to 


* XcUschrift fitr Jilel-trwhemir, 1012. 
s I hid., Kill. 

* ZeUtcltriJl Jilr Phtjsik. Chemte, >012. 
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000° C. arc too low. JJjcmun recommends 
the formula ~ 4-9 i--00045 f° 0. given by 
Pier, or his own formula 1 Imacd on tho theory 
of quanta, which give practically identical 
results up to 3000“ 0. and agree with Swann’s 
value for air at I Of/' O. 

By plotting energy temperatero curves 
from tiie figures given above, and taking into 
account Swann’s for air and C0 S at 100° ()., 
tiie following values for tho mean voluinotrio 
heats botween 100° (J. and higher temperatures 
1° C. have been calculated, and are given as 
being probably tho most accurate at this time 
available. Where volumetric heats aro given 
by Bjerrum for ranges 18°-/ and 110°-/°, tho 
same figures havo boon assumed to hold for 
ranges 0°-l° and 100°-/. In tho higher 
ranges for water, whore Bjerrum gives figures 
for ranges the energy has been calcu¬ 

lated from Bjorrwn’a figures ns though water 
wore a gas down to 0° <!., and 000 cal. sub¬ 
tracted as the energy of Llio imaginary gas at 
100° <1 

It lias recently boon shown J that if, using 

SlKAN VoMJMKTRKI JlUATO nKTWHEN 100 ° 0 . AND / (J. IN 
(«UAM (Ja LOltlKS I’KU OllAM JIoi.KCUI.K. 





100° 0 

up to 



GOO 0 , 

1000°. 

inoo°. 

2000°. 

2 r>oo°. 

3000°. 

Nilrogoii . . 

C-I7 

r ,28 

5-50 

r»-7f. 

0-00 

0-30 

Water-vapour , 

0-25 

d-0-i 

7-04 

8-42 

9-71 

11-20 

Carbon dioxide . 

8-25 

9-G5 

10-07 

Kl-fiO 

10-87 

JO-95 


these figures ns true volumetric boats and 
Nornst’s constants for tlio dissociation of 
C() 3 and UjO, tiie actual conditions in an 
ongino cylinder aro cnloiilulcd, then results 
aro obtained which are in excellent agreement 
with the host experimental ongino results. 

Ji (4) ClUTtOAI, Com I’A It ISON OK Voi.U.UKTRtO 
Hkat I.'Kiukks. fi.) General. — Bjorrum lias 
accepted llolborn and Henning’s figures up 
to 1200° 0., except ns regards their values for 
nitrogen at low temperatures. This is now 
known to bo too low, and tho formula given 
by Pior and accepted by Bjorrum agrees with 
owann’s value for air at 100° (!.. which tho 
B.A, Committee oonsidered correct to within 
1 per cent. Hitherto Hoi horn and Henning’s 
results between 800° and 1400° have been 
oonsidered as probably too low. Callondur’s 
opinion is that thoir rosults, although consistent 
among tliomsolvca, may bo subject to systom- 
maki "S thorn, over tho rnngo 
1“ , L ” ns 1111,0,1 ns 10 Per cent too low. 

.this, however, was wiicn Lnngon’s explosion 
results wore tho heat availahlo for tins higher 
temperatures, Tho inoro reasonable view now 

-* Xiiu. 

Engineer, Feb., 


is to regard the constant pressure results 
being confirmed by the recent explosion exp,,,; 
nients, and probably accurate to 2 per 
or 3 per cent up to 1200° C. 

Above 1200° 0. tho new figures lie very 
much below the old, both for carbon dioxide 
ami water, llopkinson considered ||, M | 
Langon's results were probably too high »n 
account of incomplete combustion mid in. 
sufficient allowance for heat loss. p M1 .| ,,f 
(bo diftcronco is probably accounted for, a i 
least in the caso of GO t , by the occurrence „( 
dissociation at tho high temporal me,i in 
Langon’s experiments. In the experiiiii'nla 
on which Pior and Bjerrum base their volu- 
metric heat values, precautions were inln-u 
to prevent dissociation by having nil excess 
of ono of tho combining elomontH presciil 
Bjerrmn’s exporinumls were, in fact, designed 
with a view primarily to measuring tlm 
amount of dissociation of C0 2 and |[„o „|, 
various temperatures and pressures by compar¬ 
ing tho pressures, and bonce tompomtiliru, 
roaolicd with an excess, first of nitrogen* 
and thon of one of tho combining 
eloments, present. 

§ (5) B.immuM’.s Tjihoiibtii>ai. 
CaIAJULATIONS from Voj.UM ji j 
IlKAT FiOimns.—Taking a formula 
given by Einstein, and modified by 
Nernst and Lindomnnn, which ox- 
presses tho distribution of energy 
in a complex moleeulo according |'o 
tho theory of quanta, Bjorrum him 
developed uu expression for the 
menu volumetric boat of a gas over any 
rango of temperature. Using Iur own, Pier’s, 
ami Holbnni and Henning’s values for Ihe 
moan volumetrio bents, and evaluating (lie 
constants in tho formula by moans of them, 
Bjorrum found that the formula can lie made 
to givo values for the mean voluinotrio heat 
which follow closely tho experimental values 
over the rango 0°--30(K)° O. 

In the onBo of CO„ some confirmation of i lm 
volumetric heat values can ho obtained from 
optical considerations, Tho formula for volu¬ 
metric heat involves tonus dopeudiug on (lie 
free period of internal vibration of the mole- 
oulo. Values of such free periods calculated 
from observed values of llio voluinotrio beat 
are found to show very fair agreement with 
tiie periodicities at which absorption hands 
oeour in tho spectrum of CO„. Conversely, 
if tho actual wavo-longths for tho principal 
absorption hands are used in the formula, 
values of the volumetrio beat are obtuiurd 
which only differ by 8 por cent or 4 pel' cent 
from observed values up to about 3000" 0. 

Water oxhibits a highly complicated spec¬ 
trum in tho ultra-red region, and tins has not 
yot boon anfllciontly explored to make il, 
possible to oomparo the periodicities of actual 




GASES, SPECIFIC HEATS OF 


419 


•ptiwi hands with those calculated from 
liotrio heat values. It is probablo that 
simplex spectra so far observed arc due 
o existeneo of double molecules, ami more 
•rations at high temperatures and low 
urea are needed before comparison can 
iado with high - temperature volumetric 
values. Water seems to show, moreover, 
phi increase of volumetric, heat above 
' which is not at present understood, 
which it is impossible to express in a 
da developed entirely from quanta theory. 
:> 2000" C. tliti mean volumotrio heat can 
>Hcly expressed by a formula of the same 
as that for 00,, hut in order to make it 
v the observed values above this lempcra- 
.t was necessary to add to the formula an 
rical term involving the fourth power of 
.nnperaturo. 

ti) I’llOUAIlTiT) ACt’U 11A0Y OP Ext’KKI- 
■ai. lliosur.TS,—Of the new explosion 
■iniontH under review Lhoso by Pier 
undertaken primarily with a view to 
11 ling volumetric boats, tlioso by Jljorrum 
insuring dissociation. Pier’s experiments 
all done with initial pressuro one atmo- 
•c); .lljorfum’s, on the other hand, in order 
Kireaso tho amount of dissociation, at 
. lower pressures—about one-seventh of 
tmoHphero. Tho point is important in 
during tho amount of heat loss from tho 
nion vessel. 

u chief cause of uncertainty in all results 
rplosion experiments lies in estimation 
ii boat loss during the rise to maximum 
ure. Pier neglected this altogether, hut 
ilately, owing to his method of expell¬ 
ing, tills does not affect tho value of 
wilts. Bjemiin did a tuimbor of oxpori- 
•i with varying initial pressures, and, 
io assumption that heat loss por cent is 
sely proportional to pressure, lias csti- 
1 tho heat loss in Ids own and, whore 
nary, in Pier’s experiments, and has 
id uorreoLiotis accordingly. Tho mngni 
and reliability of liis corrections aro 
with under each gus separately, 
r's method of measuring volumotrio 
was to make Ids oxph»lon experiments 
nrntivo, taking as his standard of 
nrison the monatomic gas argon. Tho 
:iotrio boat of argon, according to tho 
in theory of gases, should bo constant 
iqual to 2-08 calories per gram molcaulo. 
lirst exploded hydrogen and oxygen 
iixcoss of hydrogen ami then with excess 
■gnu, but keeping a small excess of 
>gen to prevent any sensible dissociation, 
loing experiments at different starting 
:smturea ho was able to obtain figures 
io moan volumotrio heat of both argon 
.vator-vapour, and to show that argon, 
iist up to 2900° C., shows no sonsiiilo 


departure from the theoretical value. These 
results depend on a knowledge of heat loss, 
which Pier assumed to be zero. Iljerriim lias 
estimated the heat loss in these experiments 
at 1-8 per cent, and has recalculated Pier's 
results for the other gases on this basis, and 
on tho supposition that, the volumotrio heat of 
argon is constant and equal to the theoretical 
value. It, is impossible, indeed, to conceive 
of a variation of volumetric heat, in a mon¬ 
atomic gas, and this assumption seems justified 
on experimental as well ns theoretical grounds. 

(i.) Nilrwjen .—Pier obtained the ratio be¬ 
tween the volumetric, heats of nitrogen and 
argon by comparing tho quantities of tho 
two inort gases present with an explosive 
mixture of oxygon and hydrogen when tho 
same temperatures were produced. In this 
ease tho results are therefore purely compara¬ 
tive), and, since heat loss may be taken as 
being tho same undor similar conditions of 
temperature and pressure, Pier’s neglect of it 
does not vitiate his results oxeopt in so far as 
allowance must be made for differences of 
initial pressure. Tho magnitude of the loss 
in lhoso experiments, in which tho pressuro 
rise lakes place in about one-hundredth of a 
second, was, according to lljcrrani, only 
about 2 per cent in any case. 1 So that 
Pier’s coin punitive results for nitrogen should 
bo accurate to the order of his experimental 
errors, which were about 1 por cent. On 
tlio whole it seems reasonable to expect tho 
figures given by Hjorrum for nitrogen are 
accurate to within ! 1 por eonl up to 201)0° 0. 
and ±2 por cent up to 11000° <!. 

(ii.j Walef-mjiour .-—The principal experi¬ 
ment!) oil which tho figures for water-vapour 
aro based ivro those of Pier, carried out with 
initial pressures approximately atmospheric, 
and for which Jijomim estimates tho heat loss 
as 1-8 per cent. These carry tho values up 
to 2277° 0. Jljorrum lias ox tended this 
rnngo up to 8004° 0. by experiments at low 
initial pressures {about one-seventh atmo¬ 
sphere), in which ho estimates tho loss us 14 
per cent. This figure ho gives with much 
confidence, but it must ho pointed out that a 
difference of 2 por cent in tho allownneo for 
heat loss makes a difference of about 8-0 per 
cent in the volumetric heat values up to 
3000° (J.' Indeed, in some further experiments 
with an excess of argon, also by Hjorrum, 
lio finds it necessary to fix the heat loss allow¬ 
ance ns 12 per cent in order to bring thorn 
into lino with tho rest of his results, This 
figure of 12 per cent, he says, was a not im¬ 
probable ono, but does not say why ; possibly 

1 This llffiirc agrees exactly with Hint estimated 
by Davlrl (I'roe, lion, Hoc. A, xevlit. 30ft) for the heat 
loss up to maximum temperature, when allowance 
Is maun for the (inference In maximum temperature 
nud explosion time according to tho oinplrlcul 
formula glvon by him. 
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it was because i!io argon experiments wore 
at slightly higher initial pressures. 

In estimating the probable accuracy of fclio 
figures for water-vapour, it seems, therefore, 
tlmt we must allow that there may bo an 
error of ±5 per cent up to 3000° C., and 
possibly more. Up to 2000° 0. the un¬ 
certainty is considerably loss, It scorns likely 
that the possible error is not more that) 
±2 per cent or II per cent 
(iii.) Carbon Dioxith.— In dealing with CO„ 
one has the advantage, as with nitrogen, of 
being able to make tho experiments compara¬ 
tive ns between two inert gases, ns was done 
by Pi or. On the other hand, the rate of 
combination whore carbon is involved is very 
much lower than with oxygen and hydrogen. 

1 ior found Mint tho (mm)mat ion of carbon 
monoxide was too slow to be any use except | 
for mixtures giving u final fomporaturo over 
2200° C. Ho therefore used combustions of 
ncotylono and oxygon, first with excess of 
nitrogen, then ox-cess of 0„, and finally with 
C0 3 and (>,. There is no doubt that Pier 
was getting yory considerable loss of boat 
boforo tho point of maximum pressuro, ns is 
clear from the very low vnluo of tho heat of 
combustion of noetylono which lie calculated 
from his oxporimcsntB. 

It iB curious Hint Pior novor rcaliawl Urn importance 
of his bent lassos, and was forced to suppose the 
formation of an endothermic compound of water 
and COj to explain his beats of combustion of nroty- 
Icue. There is Homo evidence that aldehydes nro 
formed during combustion in an engine oyliiulor, 
but it is very unlikely that tho i|unutitics nro ns 
groat ns Pior supposed. Bjcrrum, however, has 
accepted Pier's figures, being ooiiqiiirntivc, ns mib- 
stunt hilly correct, and, ns mentioned previously, they 
receive some confirmation from the spool rum of (,'oj. 

lijorrum lias extended tho range of Pier’s 
figures from 2110° O. to 2714° <!. by explosions 
of GO and () 2 , first with excess of (.10 and tlion 
of nitrogen. As before, bis experiments 
were done first with a view to dissociation 
measurements, but in (bis caso ho used initial 
pressures of nno-q urn-tor and one atmosphere. 
Using ids results at these two pressures, ho 
estimates his heat loss onrreolion, and gives 
J0 '° nH Lho metin volumetric licat from room 
temperature to 271*1° 0. The combustion 
time was of the ordor of one-tenth second as 
against ono-lnmdredtli second for tho oxygon 
and hydrogen experiments, and tho correction 
on tho mean specific heat duo to heat loss is 
in consequence ns much as 15 por cent of tho 
value given, in spite of tho pressures at whioh 
ho was working being highor than in tho caso 
or Jus experiments on walor-vapour. 

Pior has given tho formula 

0„ =~(1*8 -1-3-3 v lO-^-O-fifi >; i()-.|-0*1 x lO'BJ 3 
ns roprosonting his experimental results upon 


00., up to 2110° C, This formula gives 10*75 
for the range up to 2714" G„ so that thoro 
is good agreement between Bjemnn’s and 
I lor’s figures. 

An idea of the optical confirmation of the 
G0 2 figures may lie given as follows: Tho 
internal or vibrational energy of ft triatomie 
molecule will he shared between tho three 
mutual vibrations of the three atoms, (]> with 
(2), (2) with (3), and (3) with (1). In the case 
ot GO,, since the mutual attraction between a 
carbon and oxygen atom may be supposed ' 
greater than between the' two oxygens, it 
is a reasonable assumption that, of the three 
vibrations, thoro will bo two of big], frequency 
and one of lower. If U,e three wave-length's 
a,, ,\ 2 , and -\, of the Nernst-Lindeinann quanta 
function which occurs in tho volumotrio htfnt 
formula arc evaluated from observed values 
of tho volumetric heat on tho above assump¬ 
tion that A a = A 3 tho values obtained by 
Bjorrum aro;A, = 8-1, A a =A 3 =5-0. With'those 
constants tho formula gives values of tho 
volumotrio licat which follow the actual values 
olosoly ovor tho rango 0 0 -2000° ( !., c . q ■ 


TamiMiiatnn) 

. .‘-trie Jtf»t. C»i. Oni, m„|. 


OlihPrvi'il. 

Onlciilnttiil. 

0-200 

7*48 

7-44 

0-2)10 

10*47 

10-43 

-- 


. Hosorpnon immls in 

the spectrum of CO a at A. = 14-7, A„ —4*3. 
and ,\ 3 -- 2-7. If these values nro put into 
the formula and the volumotrio heats oalcu- 
uled from purely option! data, tho volumotrio 
boats for tho same ranges as above aro 7-67 
and 10*04. The optical data, therefore, give 
values within 3 per cent or 4- per cent of 
tho observed ones, and on tho whole it scorns 
probable tlint lho latest values of tho volu- 
mct.rio heat given by Bjernun up to 2700° 0 
may ho taken ns correct to ±3 per coni or 
± 4 per cent. 

- r>. it, i>. 

Gkah-uox Tkstino Maoimnk (National 
T bysioal Laboratory). Soo “ Dynamo- 
motors,” § ( 0 ) (hi.). 

G nuis-H KhMiiom Equation. See “ Thermo- 
dynamics," § (64). 

Gnins’ Tiikumoijynamio Potentials. Sco 
Thermodynamics,” § (51). 

Glasses : 

Suitable for Thormomotors, Ajjproximato 
Percentage Composition of Various, tabu- 
hitod. Seo “ Thermometry,” § (6), Table 

Mom Depressions of Thermometers made 
of Different, tabulated at 25° 0., 50° 0., 
and 100° C. Seo ibid. § (7), Tablo VI. 
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Gor.n: 

Ereczing-jiomt of, determined by platinum 
resistances Uicrmometer mul tabulated. 
Sco “ Resistance) Thermometers,” Jj (18). 
Solid and Liquid, Emissivity or, determined 
by optical pyrometer. See “ Pyrnmotry, 
Optical,” § (20). 

Governor for Steam Knoinb. Sco “ Steam 
Engines, Reciprocating,” § (2) (vi.). 

Gramme Moi.kcui.e. 'Die volume of n quan¬ 
tity of gas which lias a maas equal to 
its molecular weight in grammes. It Is 
constant for all gases, and at a pressure of 
one atmosphere and temperature 0° (J, j« 
equal to 22,412 e.o. 

GRIFFITHS’ DkTEK.M I NATION OK MeCU1.\N1C!AI, 

.Equivalent of II HAT. See “ Moolinnioal 
Equivalent of Heat," § (o) (i.). 

GRIFFITHS, ExCEIUMENTH ON LATENT II HAT 
OF Evaroration of Water, at tempera¬ 
tures of 80° and 40° G. Hoe “ Latent Heat,” 
§( 2 ). 

GRIFFITHS, LaMORATOHV KoUM OF I )|HA Fl'IOA 11- 
1N0 JflLAMKNT TVI'K OF OmilAI. I’VHO- 
MBTHH. Hoe “ J’yrometry, Optical,” t? (8). 
Ground Ktoraue of ' IUinfaix. Hee 
“ Hydraulics," <j (8). 

GrOUI’S, NON-OrMUNHIONAt,, 'i’llhi Itl-IAJ, VaISI- 
ABU'IS IN Pn vsioai, I’noiii.BMH. Hen “ Dyna¬ 
mical Similarity, The Principles of,” (JM), 
Guhkiokio’m Pumf. See “Air-pumps,” ^ (11), 
Gun-rhooii, Gymnuhh, HviniAi/Mo.* See 
“ I lyd ran lies," jj (110) (ii.). 

GY.It()S(!OI>E 

§ (1) LUSOHICTJON OF TUB UVHOHUORH. iff. 

ertia and ILvi.anoh.—T he gyniHcope consists 
usually of a massive wheel or dine mounted 
on hearings so ns to lie free to spin rapidly 
about its axis of symmetry. Tim gyroscope 
as commonly made is symmetrical about an 
equatorial plane, perpendicular to Mm axis of 
symmetry ; but this equatorial symmetry is 
unessential. Any rigid homogeneous solid of 
revolution may form the spinning element; 
and, more generally still, the gyroscope npiy 
oven lie irregular in form provided that it i’s 
“ dynamically symmetrical ’’ about the axis of 
spin. The conditions necessary for dynamical 
symmetry are (i.) that the centre of maun O 
of the gyroscope shall lie on the axis of spin ; 
(ii.) that the axis of spin shall be a principal 
axis of inertia ; (iii.) that tho moments of 
inertia about all axes through () perpendicular 
to the spin-axis (say, all “diameters”) shall 
bo equal. If any body were taken of irregular 
form with centroid (), and with unequal 
moments of inertia A, 11, (! about its mutually 
perpendicular principal axes through O, anil 
if it were mounted to spin about tho V axis, 
it would differ from the normal gyroscope only 
in having A ami U unequal instead of equal, * 


In the practical making of gyroscopes the 
closely approximate symmetry of form is found 
inadequate to secure these conditions of dynam¬ 
ical symmetry, and a final process of “ htilau- 
oiiig " is requisite to imiko the gyroscope run 
smoothly at high speed. If, in'violation of 
condition (t.), the centroid is not on tho spin- 
axis, but at a short distance from it, the 
gyroscope is said to be defective in utatio 
balance,” ‘With this defect, if the gyroscope 
is without spin tho equilibrium under gravity 
fails to lie neutral (except when the axis is 
vertical) ; and when tho gyroscope spins about 
the fixed axis a revolving centrifugal term is 
thrown on the hearings. A true circular disc, 
mounted eeeentrkuilly on a spin-axis imnmil 
to its piano, illustrates the stale of had static 
balance. 

If, in violation of condition (ii.), the principal 
axis of inertia is not coincident with tho spin- 
axis, but makes a small angle with it, tho 
gyroscope is Hoid to ho defective in “ dynamic 
balance." The defect cannot ho detected 
statically ; but, when tho gyroscope spins, a 
torque in a revolving axial piano is thrown on 
tho hearings. A true circular disc mounted 
uentriirally lint obliquely on a spin-axis illus¬ 
trates the state of had dynamic balance. 

I be two defects are both remedied by the 
addition or removal of small musses of deter- 
itiiiinhlo amount and position ; mul when 
balanced to run quietly in this way the 
gyroscope i« usually regarded aa satisfying nil 
the neoemary conditions. Itiit, in violation „f 
condition (iii.), tln> mouienlii of inertia shout 
different diameters of the gyroscope may he 
slightly unequal. An elliptical disc mounted 
ventrical ly and nminnlly on ils spin-axis illim- 
Lralos this defect. The eliminat ion of whirling 
stress may be regarded as having for its direct 
eonsoqnonce the annulment of the product of 
inertia for ovary pair of purpmidioiilar planes 
of which one is axial and the other is minimi 
to the spin-axis; and in voMsnqiioncn (Fie 
elimination ensures that the conditions (i.) and 
(ii.) are satislied. Ihit if tho moments or 
inoi'lja A anil Jt am left; unequal, condition 
(iii.) is violated and the gyroscope is defective. 
The dofoct cannot he detected ulntiouJIy, nor 
'*y h pinning the gyroscope about the lixed 
axis. It is only whou the axis is itself in 
motion that tho mieuuoiiicnl form of the 
gyroscope is lomdod. 

*j(2) Tin; Mihinti NO OF 'run (IvilOSOOI'H. 
DkoUKEH of Eubkdom. - In gyroscopic iiiooh- 
anisms each individual gyroscope may have 
tiny mini her of degrees of freedom, up to 
the limit of six degrees, and those degrees of 
freedom may arise in mi unlimited variety of 
ways. Shmb commonly the centroid of‘tho 
gyroscope remains a fixed point, and only tho 
three angular degrees of freedom about tlm 
centroid are left for consideration ; mid, ns 
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tho spinning movement accounts for ono free¬ 
dom, tlicro remain only tho two degrcos of 
freedom associated with tho direction of tlio 
gyro-axis s. Those two degrees of freedom 
usually occur ns the relative movomonts of 
three consecutive mom hers of a chain of 
pieces. Tho gyroscope or rotor R ( Fit/, 1) 

free to spin 



about its axis z; 
and this axis is 
coincident with 
the line of hear¬ 
ings of a ring or 
framo or casing 
Q, which sup¬ 
ports tho rotor 
It. Tho spin- 
ning froodom is 
til us a rotat ion 
about tho lino z. Tho casing Q is mounted on 
a framo or ring P, so as to ho froo to turn 
about a line y, intersecting z at 0. Tho rota¬ 
tion of Q relatively to I’ about y providos tJio 
second dogreo of freedom of It. Finally tho 
ring P is mounted on a fixod baso-picco B so 
ns to ho freo to turn about an axis x, inter¬ 
secting y at 0. Tho 
rotation of P rolativoly 
|jJ fo B about x providos tho 
third dogreo of froodom 
of It. In tho commonost 
form of apparatus of this 
sort tho axos x and y of 
tho ring P aro made por- 
pondioulnr, and tlio axos 
V nnd z of tlio easing Q 
aro also made porpon- 
dicular, and tho fixod axis 
a is jiorpondicular to tho 

OyroVooi'r Modd'in l,oriiS(Mlt “l of B and 
Perspcctlvo. consequently a vortioal 

lino. Tlio apparatus 
usually dosorihod ns tho “ Wlioatstono gyro- 
scope ” i 8 of this typo (Fig. la). 

A gyroscopo mountod in this way, with 
comploto angular froodom, is somotimos spokon 
of as a “froo ” gyroscope. If tlio hingo-lino 
a-is looked tho gyroscopo has only two dogroos 
of freedom, and is fchon ofton dosorihod ns 
constrained.” The gyro-axis z is tlion re¬ 
stricted to movo in a circular oono with y as 
axis and yz as angle. Very specially (and 
commonly) yz is a right anglo, and z is thus 
lostnctod to movo in a fixed piano normal to 
V- (in the Wheatstone gyroscopo tho gyro- 
axis then turns round a fixod horizontal axis.) 

. lnn 8° V is lacked and x is loft froo thou, 
similarly, tlio gyroscopo lias only two dogroos 
of freedom, and z is restricted to dosoriho a 
circular cone about a- (or a piano normal 



applied to the casing Q, to mo vo only along 
a definite mute (generating a eoiio "f arbitrary 
form), and the gyroscope would again have 
two dogroos of freedom. 

It is to bo obsorved that tlio rod notion from 
throe dogroos of froodom to two < logmen may 
occur without the suppression of the freedom 
of rotation alamba: or //. Tho com plotc angidur 
froodom of the gyroscope arises from the find, 
that any angular rotation about O may in 
gonoral ho dermal ns tho resultant of suitable 
oompommts about ,v, y, nndz. Thin fails to 1m 
true, Imwovor, when x, >/, and z linppon to bo 
coplanar; and this occurs for omdi of two 
positions, whon tho relative rotat.b m of 1* and 
Q, brings tho pianos xy and yz into ttoilicidoiiro. 
For angular velocities about (tojdnnnr ijno.s 
havo as their resultant an iingtlltu* velooity 
about a lino lying nocossarily in tlio a ill no 
I»lano. For tho YVhoatstoiio mounting ( Fig, 
1a), x and z thomsolvcs coincide in those tivo 
positions (when tlio gyro-axis is vortioal), and 
tho loss of froodom is ofton attril>*itO<l to tlio 
identity of the two rotations about tho on- 
inoidont linos ; hut tho identity, though Hiilli- 
oiont to nouount for tlio loss, is not essential. 
(Tho proposal to avoid tho danger of this loss 
of froodom, whon throe degrees of froodom are 
to ho proaorvod, by adding an oxlrit, member i\ r 
to the chain of piccos I’QR introduces a fresh 

SSSS" ; fm ‘ 11,0 linkH N * P » Q «>* *'■»> "liain 
isNI’QR then havo an indotornniirito position 
for any one dirootion of z, and would movo 
about at random.) 

The ease of a gyroscope with on! v «Htn dog mo 
of froodom, as for a and y both looked, leaving 
tho spinning movement a)tout z <i« tho solo 
froodom, should ho mentioned as i>lio ultimate 
and simplest form of 



wavT o S Wf 01 f lly t! !° gyro ‘ flxis 3 in any 

May ho loft free, by mechanical constraints 


froodom ; but it lias 
no gyroscopic im¬ 
portance. 

If abstraction lie 
mudo of tho direc¬ 
tions of the Ihroo 
axos x, y, and z of 
tho gyroscopic ap¬ 
paratus, without ro- / 

gard to position in 
spaco or any other v 
detail, a unit splioro “• 

controd at O and cutting tlio linos :v t y, z at 
points X, Y, Z gives a eomplotolyi'opvoscmtativo 
uguro on tho sphorimil surfaco (I'ifj. 2). Tho 
fixod point X roprosonts tho fixod iv.vi« of tlio 
bnso-pioeo B; tho groat-oirolo aro XY io[>rosoiits 
,0 ,, . ing I>J Y roproaonfa tho axis// connecting 
tho ring P and tho easing Q ; YZ roproaonts tlio 
casing Qj and Z roprosonts tho gyro -itxis. To 
comploto tho figure, any arbitrary lino w of tho 
bnso B givoa a fixod point W, and XVX. ropro- 
sonts tho bnso B; ami if any lino -v of tho 
rotor It gives tho point V, tlio arc ZY roprosonts 
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the rotor R. With this open quadrilateral 
WXYZY, with WX fixed and all tlio Hides of 
constant length, the complete angular freedom 
of VZ is given by tlio rotation of XY about 
X, of YZ relatively to XY about i T , and of 
ZV relatively to YZ about Z. Anti it is when 
the angle at Y is zoro or two right angles that 
the triangle XYZ degenerates into a grcat- 
circlo arc, and one dogreo of freedom is lost; 
Z having then no movement possible except 
in the direction perpendicular to XYZ. 

§ (3) Clvnoscoi'ic! Bxi'EKIiMBNts.—A s pre¬ 
liminary to a formal account of the kine¬ 
matics and dynamics of the gyroscope, it may 
bo convenient to state briefly the results 
of a numher of simple experiments with the 
Wheatstone gyroseopo. When chocked by the 
principles developed later there will appear 
the ronsons underlying theso various move¬ 
ments ; and t-horo will arise also certain 
qualifications necessary to somo of tlio state¬ 
ments that acorn empirically correct, i'umili- 
arity with such experimental results is to somo 
extent serviceable, in lack of mom complete 
information, as a rough working knowledge of 
practical gyroseopics. 

The oxporimonts with tlio rapidly spinning 
gyroscope may bo briolly described as follows, 
the dogims of freedom lining us stated in oaeli 
soparato ease: 

(i.) Axis x looked, y free ; any forces applied 
to Q. Tlio gyroseopo offers no resistance to 
tlio turning of Q about y. 

(ii.) Axisaifrco, y looked; any foreos applied 
to P or Q. Tlio gyroscope offers no resistance 
to the turning of P and Q about x. 

(iii.) Axes x and y both free; .11 moved 
about ill any manner. Then z retains its 
original ami arbitrary diroolion iinoiuingod. 
Hut if, during tlio inuvoinent of 11, x eomos 
to coincide with z (or pnssos very near z) a 
violent " kick ” ocoum and z abruptly olmngos 
direction. 

(iv.) Axes x mid y both free ; s horizontal; 
a weight hung on one end of z and released. 
Then 2 remains horizontal, anil P and Q rotate 
uniformly about ®at a rnto pro]Mirtii>nal dirootly 
to tlio W'oight and invorsoly as tlio Hpin of tlio 
gyroscojio. If tlio movement of P iH " Inirriod ” 
by a torque uppliotl to 1* about x tlio weight : 
rises, and if P is hindered tlio weight dcBconds. 

(v.) Axes x and y both freo ; z pointing in 
any direction ; a smooth straight-edge is laid 
perpendicular to 2 and prossod against tlio 
spindle of R. The spindlo does not yield to 
tho pressure but moves along the straight-odgo 
in tlio same son so aa if it wore rolling along the 
straight-odgo by mason of the spin. 

(vi.) Axes x and y froo, 2 horizontal j forces 
m-o applied to P as if to turn P about x, Tlio 
turning about x is resisted and tilting of Q 
about y oooura. When 2 reaches tlio vortical 
the resistance, aftor diminishing, disappears 


and P is freely rotatable in tho sense of the 
spin. If tho direction of rotation of P in thou 
reversed a midden “ jolt ” occurs, Q begins to 
capsize, tho rotation of P is moisted, mid 2 
prosently again becomes vertical. The rota¬ 
tion of P is then again unrosisteil in tho rouho 
of tho spin. 

§(4) Kinematics of tiiu CivnoscoiT:.—If 
the gyroscope executes any kind of movement, 
a description of that movement at any moment 
may consist in a statement of the component 
angular velocity U about the axis z, usual 1 y 
called the “ spin," mid tho iustantuucouH into 
of movement w of the axis 3 . The latter has 
now come (by an enlargement of the original 
use of the term) to las called the “ precession.” 
The plane in which the axis 2 moves i» tlio 
instantaneous piano of precession, and the 
diameter a of tho gyroscope drawn normal to 
this plane is the instantaneous axis of proces¬ 
sion. In tlio representative spherical diagram 
(.A’i//. ?l) tho resultant angular movement of the 
gyroseopo is represented by the spin S 2 about 
Z, together with a 
velocity w of Z along 
(Z) the spherical 
curve which is tho 
path of Z. If the 
qimdmntul triangle 
ZTU is completed, 
then ZT, the tan¬ 
gent to tho curve 
(Z), represents tlio 
plane of precession, 

TIJ the contra! 
piano of the gyroseopo, and U tho axis of promo 
Hicm. The resultant iiiovoinent of tho gyroscope 
is comjimmdcd of angular velocities S' about Z 
ami « about U. The triangle itself has XIT 
11 H normal at Z to tlio curve (Z), and ZCJ touches 
at K the curve which is-tho envelope of ZU 
and the ovolute of (’/,). Tho point IC is alsn 
the centre of the small circle that osnulates 
tlio ourvo (Z) at Z ; and ZK (-/>, say) is the 
angular radius of eurvaLiire of (Z) at Z. Tho 
movement of the triangle ZTU as a rigid figure 
is given by tho rolling of ZU on tho uvolule 
ourvo, and consists instantaneously of an 
angular velocity n about K. Tlio components 
of n about Z and U me n cos p and 11 sin p 
respectively, giving velocities n cos p of U 
along TU and n sin p of Z along ZT. Tho hitter 
volooily is by hypothesis < 0 , and thoroforo 
w-nsin/i. ITonco «. = w/sin p j and tho omn- 
ponont angular volooities of the triangle ZTU 
nro w cot p about Z anti <u about U. Tho 
gyroseopo and tlio triangle have movements 
identical in rospoot of the components about 
U and differing only in the components 
about Z. 

§(fi) Dynamics of tiih GxitOHcori:..Tho 

angular momentum of tho gyroscope is the 
resultant of tho soparato angular momenta 


U 
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associated with the two component angular 
velocities, and is therefore compounded of 012 
about the axis z and Aw about the diameter it. 
The rates of change of these two vectors give 
rise to two separate torques or couples which, 
as kinetic reactions, are together equivalent 
to whatever system of applied forces may ho 
acting on the gyroscope. They may bo calcu¬ 
lated separately. 

The vector rate of chnngo of any space- 
vector r having angular velocity u is given by 
the linear velocity' of its extremity, and is 
compounded of f radially and rw normal to 
the vector in the plane of its movement. The 
angular momentum Cii about OZ, correspond¬ 
ing to the vector r, thus gives rise to a torque 
Cii about OZ and a torque Ciiw about OT. 
The angular momentum Aw about OU gives 
rise to a torque Aw about OU and a torque 
-Aw 2 cot p about OT, since w cot p is tho 
angular velocity of the triangle about Z. 

As the torque about OZ is Cii it follows 
that the angular acceleration 12 of tho spin !i 
is the same as would bo produced by the samo 
torque about z if tho axis z wore stationary. 
When, however, tho gyroscopo is supposed to 
be already set spinning on frictionlcss bearings, 
or (in practice) to be supplied with an electrical 
driving torquocounterbaianoingtho resistances, 
the applied torque about the axis z is thon 
zero, and honce Cft is zero and 12 remains 
constant independently of any movement im¬ 
posed on the axis z. (This property of a 
gyroscopo is not true if condition (iii.) of § {1) 
is violated. Unequal values of A and R give 
rise to fluctuations in the spin 12.) 

It is convenient to represent tho torques by 
equivalent forces, noting at Z per pond ion lar to 
OZ, and producing tho samo moments as those 1 
of tho torques. Those forces arc: i 

Aw along the grcat-cirolc tangent ZT nl Z. 1 
Aw 3 cot p along tho inward normal ZK at Z. 1 
Criw along the normal at Z. (Fig. 4.) ^ 

Tile Inst force CUu lias direction and sense t 
which, if rotated through one right nnglo d 
,. about Z in the sense i; 


y of tho spin 12 , gives 

/ \ the direction and 

/ \ senso of the volooity 

/K \ w along ZT. 
f \ Of those three forces 

/. 2 \ (or tho torques they 

/Aw col p \ represent) it may bo 

zL^ ___i noticed that tho Hint 

/ Aw two avo independent 

| Qf. <>f the spin and of tho 

momont of inertia 
* ,a> ‘t C, and depend only 

on A and on tho 
movoment of the axis z. They would eon- 
etitute tho whole torquo if either 0 or 12 wore 
zero. A thm rod along OZ credited with the 


ur same moment of inertia A would give rise 
!12 to Llicso samo forces; or a single particle of 
it. mass A at Z would alone sulliee. And (lie 
ro expressions w and w 3 oot p are the components 
!i, of tho acceleration of Z along tho tangent ZT 
it and tho normal ZK; for w is the rate of 
io change of tho velocity w of Z, and w 2 eot,i 
i- is the product of the velocity w and w cot p 
Mie rate of turning of the tangent ZT about Z. 
i- Tho mass A at. Z would thus give the samo 
y two forces. 

a § ((>) Thk Gvitosooi’io Tokqijio. Rijpuk fok 
u thm lhuxjussiON.—The torque Gllw is known 
e as the “ gyrosoopie torque.” It lias OT for 
its axis and UZ for its plane. In many 
praotical uses of tho gyroscopo tho value of 
12 is so large that this torque dominates the 
rest, and may he taken by itself as sudieionl.ly 
representative of tho whole kinetic reaction. 
Tho simple rule then is that the plane of the 
applied torque and the plane of procession 'are 
perpendicular planes through fclm axis of tho 
gyroscope ; and that tho torquo has a moment 
equal to the product of the angular momentum 
012 of tho gyroscope and tho rate of procession 
w. . A variety of rules have boon proposed as 
indications of the souse of precession. 

(a) The most common statement takes some 
suoli form as this : Tho precession is such 
that, itftor a processional movement onntinueil 
through one right angle, tho axis of tho gyro- 
scope would eoineido with the axis of tho 
torquo, and the sense of the spin would agree 
with that of the torque. Rut in practice (hero 
is a certain awkwardness and inconvenience 
in the need to consider a merely hypothetical 
position of the gyroscope. 

(ji) A briefer equivalent is to mark tho sides 
of tho qtiudmntal triangle, such m ZTU, with 
arrows oireiihitiug round the triangle and 
representing the senses of Rroccssion, .Spin, 
and Torquo in that (alphabetical) order. 

(y) Rules more readily applied may be stated 
for forces, taken as equivalents „f tho gyroscopic 
torque. Thus, as abovo, if a force perpen¬ 
dicular to tho axis of tho gyroscope act at a 
point of tho axis, the corresponding foroo- 
veotor, when swung through a right angle in 
tho sense of tho spin, points thon in tho senso 
and direction in which tho point moves as a 
consetjnonce of the procession. Moro realistic- 
ally tho force may bo supposed actually 
applied to tho thin smooth spindle of tho 
gyroscope by lateral pressure of a straight- 
odgo; and tho precession thon makes tho 
spindlo slip along tho straight-edge ; and tho 
senso of travel is as if tlio spindlo were rolling 
on tho straight-edge by reason of its spin. 

(<5) A similar form of statement is true for 
a foreo parallel to tho axis and supposed to 
act on tlm rim of tho gyroaoopo; namely, if 
tho force-vootor normal to tho wheel is carried 
round, ns if rigidly connected with tho wheel, 
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through one right-angle in the sense i>f Hit! 
spin, it then indicates the processional move¬ 
ment of the rim. 

§ (7) Kinetic Reaction, Anuiii.au Momen¬ 
tum, and I'jNeiki Y.—In regard to tho torques 
of § (5) it should lie remarked that Aw and 
Aw 2 cot /) depend on the (surface component 
of the) acceleration of 'A ; and that if that 
acceleration be itself expressed in terms of 
any convenient set of components, it is only 
necessary to multiply each of those separate 
components by A in order to obtain the. re- 
((uired torques. And similarly Ciiw depends 
on the velocity of 'A ; and if that velocity 
prcBonta itsolf ns composed of any set of 
components it is only necessary to multiply 
each component by Cl 2, and turn it round 
through one right - angle backwards (i.c. 
against Si) about 'A, in order to obtain the 
corresponding contribution to the gyroscopic 
torque. 

Of angular momentum it should he borne 
in mind that, unlike linear momentum, it has 
only magnitude and direction and is not a 
located vector. The sum of the momenta of 
the dements of a gyroscope (with ils centre 
at rest) about any line parallel to the axis is 
the samo as about the axis itself. The gyro¬ 
scope might be replaced by another equal 
gyroscope with a parallel axis, inside the same 
casing, and the gyroscopic torque would not 
ho affected by the change. Further, if the 
same oasing contained several gyroscopes, each 
spinning on an axis lixcd relatively to the 
easing, the gyroscopic torque for any move¬ 
ment of the easing would he only llio samo 
as for a single contained gyroscope with 
an angular momentum equal to the vector 
sum of those contributed by tho several 
gyroscopes. 

Tho principle of energy demands that the 
applied forces should do work on the gyroscope 
equal to the increase of ils kinetic energy. 
The forces (Jiiw and Aw a eot p at /. acting 
normally to the velocity of V, along ZT, do no 
work, and tho force Aw does work at the rate 
Aww, If the spin varies, the torque Oil 
causing tho variation docs work at the 
rate Cliff, and tho sum Aww-|()S2!2 is thus 
tho timc-dilTorenlia! of the kinotio cnorgy 
3(Aw 2 -i- Oil 3 ). 

§(8) SiMcr.M Cases of Motion of a (Jyho- 
huoi'k. —'Tho three torques found in § (fi), 
which usually act in combination, may ooour 
separately for special movements of the 
gyroscope. 

(i.) The torque Aw occurs alone if 11—0 
and p~ tt/2— i.c. if tho gyroscope has no spin 
and its axis is rotating in ft piano. Tho torque 
Aw also occurs alone, initially, if w is momen¬ 
tarily zero, with any value for Si. Honoo 
under the action of a torque the gyro-axis 
moves initially in the plane of tho torque it-Bolf. 


[The direction of motion begins to linn, how¬ 
ever, at a rate (C/A)li. | 

(ii.) Tho torque Aw 2 eot p occurs alono if 
12 ~() and w is constant—/.«. if tho gyroscope 
has no spin ami ils axis describes a conn of 
nay form at a uniform rate. The torque 
measures the normal pressure on the guiding 
curve or eono. If p also is constant the 
cone or curve is circular and tho torque is 
constant. 

(iii.) 'The gyroscopic torque Cliw occurs alone 
if p — jt/2 and w is constant— i.c. if the axis of 
the gyroscope rotates uniformly in a. plane. 
It may he noticed in this ease how, in detail, 
after a turn of the axis through an angle 2a 
the time-integral of tho torque-vector aeooimts 
for the change of momentum. The torque- 
vector Gl'iw moves round olio rigbt-auglo in 
advance of the axis. The mean of tho vectors 
ranging over tho angle 2a is (!liw (sina/u) 
along the angle-bisector, and tho time is 2 afw ; 
lioncn the Lime-integral of the torque given a 
momentum 2(.!Ji sin a one right-angle beyond 
the angle - bisector of tho gyro-axes. The 
oliange of momentum is (!lix2nina and it 
has tho same direction. In particular when 
2a —?r, with reversal of the axis, the change 
of momentum is 2(!li. 

(iv.) If w and p are both constant, 'A in 
8 describes a circle with centre 1C, and 
the triangle Z'L’ll rotates uniformly about K. 
as a lixcd point, Tho axis of tlm gyroscope 
describes a circular cone of angle />, The 
torque outwards from the axis of tho conn 
is (Jliw-Aw a eot p. For the uu slot nary rapid 
spin this is positive in sign ; but if w were 
rapid also the torque, specially, is zero for 
the ease Oil-- Aw eot /i. This conical steady 
motion is thou a free movement of the gyro- 
scope. If, say, the stationary easing contain¬ 
ing tho spinning gyiosuope is Nt-ruok a heavy 
blow, giving an impulsive torque Aw about it 
diameter of the gyroscope, tile impulse creates 
suddenly an angular momentum Aw and them 
ensues a conical motion of tho axis z with 
tan -1 (Aw/t!S2) for tho angle of tlm cone, This 
motion, being rapid, gives a blurred ell'cet, 
visually, and in generally spoken of as a 
“ wobble " ; but it is nevertheless ImilimnnlJy 
a “ steady motion." 

Tho constant torque Oifw-Aw 2 cob p neces¬ 
sary in general for tlm conical hteaily motion 
of llio gyrosoopo is linear in 12 but quadratic 
in w. Ilonco, for an assigned value of the 
torque giving movement on tlm cone of angle 
p, there is a unique value of the spin for any 
assigned rate of procession ; lmt two mien of 
precession for any assigned spin are given by 
the routs of a quadratic equation, and may 
lie real or coincident or imaginary. Tlm 
steady motions of a top (which may bo re¬ 
garded us a frainnloss gyroscope) illustrate those 
results. 
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(v.) If the gyro-axis is guided by any smooth 
constraints, adequate to tako any lateral press¬ 
ures, the torques Cl.’w and Aw® cot p are 
supplied by the constraints, and the agent 
controlling the processional movement of tlio 
axis 1ms only to supply the torque Aw. The 
gyroscopic torque falls on the rigid constraints, 
and the agent experiences no “ gyroscopic 
resistance " whatever. 

§ (9) Gvnoscorn with Two Ueojikes of 
Fukedoj! on a hot at [No II ask.—I nstead of 
prescribing directly a movement of Z (Fig. 2) 
the movement prescribed may ho that of Y, 
leaving the movement of Z to ensno as a 
dynamical consequence. In a simple case 
YZ may be taken to be a quadrant, and XY 
also a quadrant, and Y may ho made to move 
uniformly along its path, the great circle with 
centre X, at the constant angular rate n. 
The point Z is thus constrained to lie on a 
meridian, say, of tho sphere; the moridian 
being XZ and rotating at rate n about tho 
polo X. If 0 is tho polar distance XZ (equal 
to tho angle XYZ) the volooity of Z has 
components 0 along tho meridian aiui n sin 0 
along ZY perpendicular to tho meridian. 
Tho corresponding components of tho gyro¬ 
scopic torquo give forces at Z equal to 
Clla sin 0 along tho meridian and CfllJ per¬ 
pendicular to it. (It is supposed that 12 and 
n would agree in sense if tho angle 0 worn 
reduced to zero.) Tho acceleration of Z as 
determined from its oomponent velocities and 
tho local rate of rotation n cos 0 of ZX at Z (or 
otherwise) has components 

■-^((1) - (» sin 0)(» cos 0) 

\l • • 0 ) 

mid jj(» sin 0) -f- (0) (» cos 0), 

i.c. 0 -»* sin 0 cos 0 along tho moridian (2) 
and 2x0 cos 0 perpendicular to it. . (:t) 

The corresponding forces are obtained by 
multiplying by tho moment of inertia A (ij (fij) 
and are therefore 

A(0-?j 3 sin 0 cos 0) along tho moridian (4) 
and 2Aw0 cos 0 porpcndinulnr to it. . (fi) 
Hcnco tho equation of motion in 0 is 

A(0-«* sin 0 cos 0) + Ctin sin 0=0, ((I) 

with tho integral 

A0 2 4-An® cos® 0 — 2Cf2?i cos 0=constant. (7) 

Tin's integral expresses tho kinotio enorgy as 
a quadratic function of cos 0. This oaso may 
be compared with simplo pendulum motion, 
with no movement in azimuth, for which tho 
kinetic energy is a linear function of cos 0; 
and also with conical pendulum motion, with 
free and variable movement in azimuth, for 


which tho kinetic energy is a oubio function 
of cos 0. Tho present case is in a amino inter¬ 
mediate. Fora pendulum of period. 'Air/p, with 
0=0 as tho downward vertical, and with Mm 
vertical piano of swing made to rotate uni¬ 
formly at tlio rato n, the, equation of motion is 
0- » a sin 0 cos 0 + p- sin 0~ 0. . (H) 

Tlio position 0 = 0 is a stablo position if p ». 
If p<n tho position 0 = 0 is unstn-hlo, and an 
inclined position of equilibrium r.\in(.s given 
by cos 0—p a /n 2 , and is stablo. Tho position 
0 = 7r is one of equilibrium but is uiistalilo for 
all values of p/n, (Another simple hiHtiinon 
of the Hiunn movement occurs in tlio on.se of a 
magnetic needle oscillating in a horizontal 
piano in the earth’s Held, with a soft-iron rod 
horizontal and perpendicular to lho needle 
and rigidly connected with it.) 

Tho equations (6) and (8) arc identical if 
(C/A)$bi=p a , and hence tlio position 0=0 i H 
stablo if Clip-Aw. It is unstable if CJS2 A« ; 
and a position of equilibrium is then given 
by cos 0=(C12/A«). Tho position 0~-ir is 
an equilibrium position but mmtalilo for all 
values of U/n. Hence (Fig. 2) when Z is at 
X tho spin agrees in sense with that of the 
rotation of XY about X, and tlio position is 
stablo provided «<(C/A)lj. When Z is at 
tlio antipodes of X tho senses are opposite, 
and the position is always unstable. For the 
first oaso the spin is customarily so largo that 
tho inequality is amply satisfied, and the 
oxporimontal results aro apt to prompt nn 
unqualified statement of stability. Tlio j». 
equality, however, is an essential condition. 

Tlio lateral pressure L of tlio moridian on 
tlio gym-axis i'h given by 

L=(2Aa cos 0-012)0. . , (()) 

The force L has a moment L sin 0 about OX, 
whioh has to lie supplied by tlio agent 
responsible for maintaining the rotation n. 

He provides therefore u variable torquo Lain t)\ 
whioli is identically oqual to 

j t (An sin 3 0 -|-OH cos 0), . (| <>) 

the rate of increase of tlio angular momentum 
about OX. .Further, tho agent supplies energy 
at the rato 

4 ^[ A (0 s +» a sin® 0 ) 4-Cf| 9 ] ; . (ij) 

and this reduces as it should to ?iL nin 0 in 
virtuo of (6) and (7). 

If tho gyroscope is originally in tlio unstahlo 
position 0 = tt its axis will pass tho position 
0 = 7r/2 with an angular volooity in 0 given by 

-^=[a a + 2(0/A)f2n]i . , (j 2 ) 

and tho torquo of resistance to tho rotation 
of tlio moridian at tins moment is equal to 

Cl2[?r a +2(G/A)12ji]&. . „ (is) 
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For a rapid spin U this torque may be. 
considerable oven for a value of n too 
small to allow a visible movement of the 
meridian. 

The special conditions XY —ir/'Z and YZ = jr/2 
involved in the above movement may lie 
removed without alteration of the form of 
equation (G). The mutual inclination of the 
lines a' and >/, y and 2 may ho arbitrary; so 
that the point Y describes a small circle 
uniformly about X, and Z keeps at a constant 
distance from Y. The variable angle XYZ 
still olioys a rotated-pendulum equation, and 
may take equilibrium values determined as 
bofore. For a rapid spill the stable position 
of Z is that which gives the smallest valuo 
to XZ. 

More generally still, if Z is constrained to 
lio on any rigid curve that is rotated uniformly 
at a constant rate n about a fixed point X, it 
is at once apparent that the only positions of 
equilibrium aro those for which tho foroo 
along ZX. is either normal to tho curve at Z 
or else is zero, lienee positions of equilibrium 
occur at the foot of any normal drawn from 
X to the ourvo (Z). Tho exceptional oaso 
of a zero force (giving free movement of 
the gyroscope, with tho guide out of oifeotivo 
notion) occurs if cos XZ—(C 12 /Aw); giving all 
points in which a oirolo contro X and radius 
XZ cuts tho curve ; or more exceptionally if 
XZ —0 or ir, which can occur only when tho 
ourvo passes through X or its antipodes, as in 
tho caso first nbovo treated. 

It may further and moro particularly bo 
shown that tho normals give stable positions 
for a minimum valuo of XZ whon Cil>Aw, 
so that tho oirolo is unreal ; and that when 
CO < A?i, bo that tho circle is real, tho atablo 
positions are glvon by tho minimum values of 
XZ for points Z outside tho oirolo, and by 
maximum values of XZ for points Z insido 
tho circle. Tho other equilibrium positions, 
rovorsely, aro unstable. For tho common 
cases that ariso in present pmotiuo 11 is small 
compared with Si, tho oirolo is imaginary, 
and tho minimum values of XZ correspond 
to tho positions of stable equilibrium. 

§ (10) Gionkhat, Consiurrations on Gyro¬ 
scopic Mrohanics, — In considering tho ra¬ 
tionale of gyroscopic movements tho studont 
will ho well advised to adhoro vory strictly to 
tho preoiso correlation of causo and effoot. 
Even when tho spin is largo and tho gyro¬ 
scopic torque is dominant tho assignment 
of applied torque and consequent precession 
as proportional correlatives should ho fol¬ 
lowed in definite detail. In abbreviated 
verbal reasonings tho common uso of tho 
word “ tendency ” is fruitful of much mis¬ 
understanding. Tho “ tendency ” is usually 
a movement which is regarded as prevented 
by a constraint j and as the removal of 


the constraint would generally bn followed 
by an altogether different movement the latent 
confusion is exlrotno. 

Of certain well-established statements which 
must he quoted only with caution and under¬ 
standing a few may ho cited. 

“ A free gyro tends to keep tho axis about 
which it spins, unaltered in direction.” The 
fixity of direction, in space, of tho gyro-axis 
is not peculiar to the spinning gyroscope, but 
belongs equally l<> the non-spinning gyroscope. 
Indeed any lino in any freely balanced body, 
originally free from rotation, would behave, 
in tho same way. The practical effect of the 
high spin is that the largo store of angular 
momentum demands ft much larger value for 
the time-integral of any disturbing torque to 
produce an assigned amount of angular dis¬ 
placement j so that the casual disturbing 
forces, if identical in tho two eases, will 
produce much less angular displacement in 
tho axis of tho gyroscope* that is rapidly 
spinning. 

“ A rapidly spinning gyroscope offers great 
resistance to any attempt to alter tho direction 
of its axis.” it him been seen, ■§ ( 8 ) (v.), that 
if n constraint supplies the gyroscopic torque 
the agent controlling the movement finds no 
gyroscopic opposition at all, A gyroscope 
mounted on a door, so as to spin in the plane 
of tho panel, leaves the door ns easy to open 
or shut us if the gyroscope were not spinning 
at all. It provides no “ resistance," although 
its axis rotates with tho door as the door 
swings. Hut a torsional stress (about a 
horizontal lino of the door) is thrown on tho 
hinges. If resistance iH desired it can bo 
secured (of. § (i))) by giving tho gyroscope two 
degrees of freedom relatively to the piece 
moved by tho agent. 

“Hurry on tlio procession and tho top will 
rise in opposition to gravity.” This is intended 
to apply,to tho slow precession of ft top-heavy 
top leaning at an uoufco angle from the upward 
vortioal (of. § ( 8 ) (iv.)), Thosplu and precession 
circulate in tho samo sense, and the morn 
general statement of § (ll) ( 7 ) covers what is 
really intended. But ns tho effect of tho 
forward forco applied is (for tho caso of rapid 
spin) to produce an angular velocity of 
orcotion only, and no sensible increase of tlu» 
rate of precession at all, tho precession is, 
after alt, not “ hurried." Tho meaning Booms 
to bo that an attempt is to bo made which 
would hurry tho procession if the dynamics 
wore not gyroscopic. If it is desired actually 
to hurry tho precession tho forco applied to 
tho axis must ho snob as to inoroaao tho 
gravity torque. 

It may happon on occasion that tho ofifaot 
of “ hurrying tho procession ” is to make it 
slower, or oven to reverse it. A simplo oxamplo 
may bo given. J 11 tho Wheatstone gyroscopo 
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the casing Q may he fitted with a weight so 
that in the absence of spin the axis z is 
statically vertical for either of two positions— 
one stable anti the other (top-heavy) unstable. 
If the piano yz is tilted slightly, and the gyro¬ 
scope spins, a steady motion of slow precession 
takes place. In tho top-heavy case the etfeet 
of “hurrying the ]accession ” will bo to 
reduce tho tilt, and so leave the into of 
precession reduced in the samo ratio ; and 
if tho procession is so much “ hurriod ” as 
to annul and reverse tho small tilt, then the 
ensuing precession is reversed in sense. Con¬ 
versely, in order to produce an actual quicken¬ 
ing of tho precession it may bo momentarily 
opposed. 

The high speed given to gyroscopes in 
practice, with tho consequent doiniliaiuio of 
tho gyroscopic torque, produces an experi¬ 
mental simplicity of effect which may even 
obscuro the fundamental dynamics. It would 
appear, c.v. gr., that on loading one end of tho 
horizontal axis of tho gyroscope of a Wheat¬ 
stone gyroscope the appropriate rate of pro¬ 
cession ensues automatically, and that tho 
axis revolves uniformly in tho horizontal 
plane. If that were so, then noithcr tho extra 
Icinotic energy duo to tho precession, nor tho 
now angular momentum about tho vertical 
x, can ho accounted for; for tho attached load 
is supposed not to have sunk, and its weight 
has provided no moniont about the vortical. 

If this precise stato of motion is to ho aotually 
obtained tho proper precession must ho given 
initially to tho pieco P. Without this proviso 
the point Z [Fig, 2) describes in foot not a 
horizontal great circle hut a scries of small 
cycloids with their onsps on tho cirolo, us if 
generated by a traoo-point on n minuto wheel 
rolling below tho oirele. Tho mean love! of 
tho point Z is below tho circle by an amount 
tlmt accounts for tho kinotio energy of the 
mean rate of procession, and tho moan tilt of 
tho axis z gives a component of tho spin- 
moinontum about the vortical that is equal 
and opposito to tho angular momentum of 
the mean precession. Tho same results in 
kind hold good if tho axis z has a linito slope 
initially; and tho enso of a top abandoned 
with a rapid spin in an inclined position is 
another form of tho same thing. The top 
appears to execute a steady motion witli a 
precession that is not provided for it; hut 
the actual motion of tho axis includes a 
tremor that involves both a variable preces¬ 
sion and a “ nutation ” in respeot of tho 
inclination of the axis to tho vertical. (Tho 
decay of these rapid tremors, under dissipa¬ 
tive forces of friction, olo., is usually vorv 
rapid.) J J 

T - 1 mnei.o«ios the attempt is often 

io movements by 
torque, to 


tho complete exclusion of Uu» supplementary 
torques that are. independent of the spin. On 
occasion the method sudices ; but it may lead 
to meaningless or erroneous results. In the 
case, $ (9), of the gyroscope with an axis free 
to revolve in a plane that is uniformly rotated, 
the gyroscopic torque presents a component 
in the plane itself which no reaction is available 
to supply. Tho equation of motion (li) loses 
all lint its last term, and tho problem is 
stultified. It may ho further suggested that 
tho dynamical possibilities involved in tho 
use of gyroscopes with moderate spins may 
presently ho developed. 

Tho familiar demand for nil “ explanation 11 
of tho gyroscopic torque of a processing gyro- 
soopo will ho found to survive repeated dis¬ 
cussions of the phenomenon so long as they 
are basis I on the principle of angular momen- 
turn ; and apparently the demand can only 
ho met (if it need he) by tho avoidance of this 
fundamental sophistication. If the simple ease 
of the movement of § (8) (iii,) is considered, 
and if tho axis of tho gyroscope is at tho 
moment pointing east and processing io the 
north, and tho spin is from zenith to north, 
thou any small portion of tho top of the clise 
is moving northward; hut on account of the 
procession it is located to the west of the 
meridian both beforo and after passing the 
summit, and so Ims a component acceleration 
to the west. The bottom of tho wheel Iras 
similarly an acceleration to the east. Hence 
tho pair of equal forces necessary to account 
for theso accelerations constitute a couple that 
agrees with tho known gyroscopic torque in 
its plane and ils sense (cf. § (ii) (,))). jf tho 
mass of tho wheel he regarded us replaced by 
four particles equal in mass mu I equally 
spaced round tho rim, and two equal particles 
equally distant from the centre and placed 
on the axis, so as jointly to preserve the same 
mass and moments of inertia, the acceleration 
of each particle may lie readily calculated and 
the forces found in detail. Urlofly, if the rim- 
masses are each vi, and tho radius a, then 
C~4w« 9 . The accelerations of tho summit 
and bottom, to west and east respectively, are 
2«lh„ (of. jj (9) (iii.)), and nil the other neeelem- 
turns aro purely radial. Honeo tho parallel 
and opposito forces are of magnitude 2m«Uw, 
with an interval 2« between thorn, mid thus 
givo a torquo 4«i«“iko, which is equal to 
UJw. If the general movement of tho gyro- 
seopo is considered, in ploco of this very special 
steady motion, tho additional torques, depen¬ 
dent on tho diamotral moment-of-inortiu A, 
can bo similarly evaluated. Tho use of the 
ftrtiheo of equivalent particles thus enables 
tho kinotio reaction of tho gyroscope to bo 
calculated by appeal to tho information 
supplied by the dynamics of a particle. 

U. T, JJ. 
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Mahon hss and Aiikahion Tksts : 0 hn Kit at. 

CONSIIltillATIONK. See “ Elastic UullStimlH, 
Determination of,” § {70). 

Uauonk.sh Tksts. Seo “ Elastic Constants, 
Determination of.” 

IS rind I Tout, § (HO) (iii.). 

Depth indicators. $ (H7). 

Indentation Method. § (80). 

Tho l.udwik Method. § (80). 

Measuring Microscopes. § (SIS). 

'J’lio Beilin Apparatus. § (HO). 

Tho Short) Bcleroseope. § (!)2), 

Tht) 'I’ii rum* Bolero motor for Ncrutoh Hard¬ 
ness Determinations. § (IKS) (i.). 

All Varying Temperatures. j? (120). 
.IIaukuh, 11)04, eompurisofi of gas thermo- 
mol,or with secondary standards of tem¬ 
perature in range 000° to 1000". Hut) 
“ Tomiionibiirt', I leal Nation of Absolute 
Soalo of,” $ (Oil) (xi.). 

Hauihon uj Motion. When I lit) displacement 
of a point from its position of equilibrium 
in given hy an expression of tho form 
a win («H-c) tho motion is Haiti to ho 
“ liarmoniti.” 

Mauuihon'h Tiikoiiv tip ImimitiATitiN. Son 
“ Friction," § (211). 

.11.HAD MtiHIH'l'ANON. Sot) “ Ship .Uesistimoo 
ami Propulsion," § (Ifi), 

HEAT, (!()NDIKTION OK 

i}(l) iNTUmiuoTioN.—WI ioii duo oml of a iliotal 
har i« boated, a change of lompomluio oim 
vory soon ho tlolootod along tho liar, dun to 
tho passage of hunt through the mu till. Whin 
pmvor of transmitting hunt Ih possessed in 
varying degree hy nil matorinl HiilmtamiOH, 
and tho phenomenon in known an tho (.'undue- 
tiim Ilf I lout. I t is iiHiial to distinguish it 
from two olhor agencies hy moiuiH of wiiloh 
boat in propagated anti which art) dealt with 
in separate himiIIoiih in this work—namely, 
Convootion and llmliatitin. in tho uuho of 
oonvootioii tht) lioat is trunHforrod hy 'tho 
actual movomont of tho htiiilod inattur, 
gaseous or liquid, mi distinguished from 
diminution, in which no transfer of tho mutter 
itself in apparent. In fluidn hotli ooiuluo- 
tion and oonvootioii Boom to bo promraes of 
diffusion, In tho ease of conduction tho action 
ih molooular, duo to tho dilTunion through tho 
substance at rout of itu moleouloH, oarrying 
with thorn tlioir kinetic energy; in that of 
oonvootioii it in molar, brought about hy tho 
movomont of small portions of tho substance 
mi oddieH, or in otlior wuyfl, tluiH transferring 
from point to point tho kiuotio energy of the 
moloouloH whioli go to form tho eddy. Both 


conduction and convection urn comparatively 
slow in their olYeots. Itudialion, on tho other 
htilth, is tho transfer of ciuugy by othorial 
vibration and does not dopuml on tho presence 
of tbo mutter, Its velocity of propagation, 
whether in the form of waves of light, heat, 
or those used in wireless telegraphy, in, of 
course, enormous. 

While iLis convenient to adopt Ibis oliissi lion* 
lion or t.lio agencies of lioat propagation, it 
should bo roalisoi! that tho phenomena are 
probably closely related. Kor oxmniilo, Iroin 
the point of view of tho molooular theory, it 
call bo supposed that each niolocido, mi it 
becomes honied, alVocts those around it hy 
radiation or hy imparting Home of ils ineronsed 
vibration to thorn by direct contact. Tho 
phenomenon of conduction might Hum ho 
regarded as a process of intra-mokimilur 
radiation or convention. If tho analysis is 
carried further by adopting tho modern 
theory of electrons, capable of diffusing 
through motallio liodieii and conductors of 
electricity, but capable only of vibration in 
dielectrics, tho mechanism «>f bent conduction 
is reduced to dilTunion in motallio bodies and 
radiation in dielectrics. It would lie out of 
place boro to oilier on a. full dinoiiHsion of the 
monltatiism of boat conduction, Tim theory 
will ho referred to only no far as is necessary 
to enable ns to don) with tlm pract ical subjects 
treated below. Those will iurlmlo a descrip¬ 
tion of some typical methods of measuring 
conductivity, together wilh a summary of the 
results obtained by various observers and also 
some applications of tho theory to conditions 
of heat flow which are encountered in pmctioo, 

S (2) IH: ignitions. —■■The (list to give a 
precise definition of conducting power wii» 
homier, whoso 
m on u mental 
work, 'I'li for io 
«H«h/fiV/MC de. 

I a r, h it I c ii r 
(1822), forms 
tho basis of all 
in atliomatical 
treatment of 
the problems 
of heat flow. 

(i.) Conduc¬ 
tivity : Hlatdij 
Slulc .,—A clour 

conception is, perhaps, host obtained hy con¬ 
sidering a thin wall of in ate rial with pnrnllel 
faces, one of which is maintained at a tempera¬ 
ture tl, mid the other at a temperature of (>., 
(I'% 1). When the steady flow of heat 1ms been 
established—that is to say, when tlm amount 
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of heat flowing into the wall through one 
face is equal to that flowing out from the 
other, none being absorbed or given up by 
t he intervening material-—it can he shown 
that the quantity of heat passing through the 
wall is proportional to the difference in 
temperature between the faces. The quantity 
also varies inversely as tho thick ness x of the 
wall, and directly as tho area S and tho time t, 
so that we have the relation 


l-- 1 —^orKS 


Q=KSA-- 


wherc Q is tho quantity of heat and K is a 
constant depending on tho nature of the 
material of tho wall and which is called the 
“ Thermal Conductivity." 

It is sometimes convenient to consider the 
thermal conductivity as being tho ratio of 
the rate of heat flow per unit area to the fall 
of temperature per unit thickness. Tho latter 
quantity (0 t - 0*)/.r. or dOjdx is called the 
“ temperature gradient." 

Following from the formula above, tho unit of 
conductivity is defined, on the C.Cl.S. system, 
ns tho number of calorics per second that 
would flow through every square contimotro 
of tho surface of n wall of thickness 1 om. 
and with a difference of 1° C. between its 
faces. Another unit commonly URcd by 
engineers is tho British Thermal Unit 1 per 
hour, per square foot, per inch thickness, per 
1° I'\ difference. To convert tho O.ti’S. unit 
into tho othor unit it is necessary, to multiply 
by 2003. 

In the simple case, which has been takon 
above, of a wall with parallel faces kopt at 
uniform temperatures, tho surfaces of equal 
tomperaturo in tho material, or “ isothermal 
surfaces,” will ho parallel to tho faces of the 
wall and tho linos of heat flow will bo straight 
lines perpendicular to tho faces. If, howovor, 
the material is not in the shape of a plane wall, 
or if tho conditions of heat supply are different 
from thoso assumed, the isothermal surfaces 
and tho lines of flow may he curved and tho 
problem of calculating tho heat flow will 
generally become very complicated. For 
such eases it is convoniont to rewrite tho 
equation in tho form 


common forms. These are dealt with in 
Part IT. below. 

(ii.) D iff it si i'ill/: Variable State .—The formu¬ 
lae given above apply only to tho flow of heat 
whon the steady state of temperature has boon 
established throughout tho body. If, however, 
tho temperature of the body m changing nt any 
point it is obvious that part of tho heat inflow 
(or outflow) will he accounted for by the 
amount absorbed in raising (or liberated by 
lowering) tho temperature of tho body n't 
that point, so that tho heat flow will depend 
partly on the thermal capacity. As ti matter 
of fact, in the equations governing the variable) 
state the constant K/cp (or thermal conduc¬ 
tivity divided by heat capacity por unit 
volumo) occurs. This constant Jins been 
called by Kelvin tho “ Diffusivity,” while 
Clerk-Maxwell named it the “ Thermomotriu 
Conductivity,” sinco it measures tho change 
of temperature which would he produced in 
a unit volume of tho substance by tho 
quantity of boat which Hows in unit time 
through unit area of a layor of unit thickness 
having unit difference of temperature between 
its faces. 

Kolvin’s term is tho more commonly used, 
and occasion will he found to refer to it 
further in dealing with problems arising out 
of tho variable flow of heat. 

f. M unions ok mi-.a.suhino Oonijitotivity 


Q - 1< /(<?! - Of) x shape factor, . (2) 

0 l and 0 a being, as boforc, tho temperatures 
ef isothermal surfaces and the “ shape factor ” 
being a constant (lopending on their shape 
and rotative disposition. Tho shape factor 
1ms been calculated for a few sltnplo eases, 
such ns a sphere heated centrally and a long 
■••'Icr heated axially, and approximate 
o luivo been obtained for some other 

jionnnl Unit (ff.T.U.) is tho quantity 
to raise tho temperature of 1 lit, of 
at its tompornturo of maximum 


In gcnoral tho conductivity of a material 
is obtained under conditions of sternly heat 
flow, and, as has boon indicated above, it 
can bo determined by measuring tho boat 
flowing through a hotly in a certain time, tho 
temperature at two or more points, and tho 
dimensions of tho body. Tho experimental 
conditions suitable in particular cases depend 
mainly on tho nature of tho material to bo 
tested. It is convenient therefore to eansidor 
separately tho methods applicable to .Solids, 
Liquids, and Oases, ami to suhdivido the 
first mentioned under throe main bondings, 
namely, poor, medium, and good conductors. 
(Tystalline or non-iHOtmpio solids uro also 
dealt with separately. 

§ (3) Soups: l’nou OoNmrcronH (K --IMJOOOH 
to ()■00030). —- Under this bond como the 
materials which are used for purposes of heat 
insulation: for example, in tho walls of cold 
stores and the lagging of boilers. They iuoludo 
such materials as cork, charcoal, kicsolguhr, 
magnesia, slag-wool, asbestos-wool, and so on, 
Before describing tho methods of tost, it is as 
well to got somo Idea of tho structuro of fcho 
materials and the mode of heat transfer. 

The materials uro not homogeneous solids 
in tho physical roiiro, hut are loose aggregations 
of matter with a largo number ef included 
air-spaces. Their structure may ho either 
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fibrous or, as in tho oasts of cork, cellular 
bnfc more often Hio niatoriiils in question aro 
artificial aggregates of small particles or 
fibres. The transmission of heat through 
such materials docs not take place solely 
by conduction in tho solid particles. The 
mass of these in a certain volume of tho 
material is relatively small, and their fine state 
of division gives rise to a high thermal resist¬ 
ance duo to the mimliov of point contacts 
' through which tho heat has to puss, 

In addition to conduction in the solid 
material thoro is tho transfer of heat by 
radiation and convection across tho air-spaces. 
That tho former is small can he seen by 
considering an air-space hounded by parallel 
walls at absolute temperatures of 0, and 0 V 
Tho heat loss by radiation across such a space 
is independent of its thickness, and is propor¬ 
tional to V -or whoro tho difference is 
small to 0 t -0 s . Jf now a thin partition of 
conducting material parallel to tho walls is 
interposed between them, it will tako up a 
temporaturo intermediate between that of 
the wnlls (say, the mean lompemUiro), and tho 
radiation from tho hot surface to the partition 
will ho approximately one half of that previ¬ 
ously passing between the Imt and cold 
surfaces, and similarly, of eonrse, the radiation 
from the partition to the cold surface. Tho 
effect of the partition is thus to rodueo tho 
heat transfer by radiation to about one half. 
Two partitions will reduce the radiation to 
about one-third, and so on. 

.If, for example, we take an air-space 3 inches 
thick, the temperature of one face being 10° 0. 
and of the other 2H° 0., the heat less by 
radiation for surfaces which are “ full 
radiators " would lie about twenty times lira 
heat loss that would take plaeo through tho 
air by conduction only—that is assuming 
all movement of the air crnihl lie prevented 
so that no transfer took place by convection. 
Nineteen partitions would thus rodueo tho 
radiation loss to about (be same amount us 
tliat due to puro conduction through the air. 
The equivalent subdivision of insulating 
materials is far greater than this. 

A somewhat similar argument can lie applied 
rs regards convection, (bough the laws are 
not so well defined us thoso of radiation. 

For tho case taken above of an air-gap of 
3 niches with a temperature difference of 
ir>° 0., und supposing the walls vortical, the 
convection loss would lie of the order of 
seven times the loss which would ho due to 
conduction only. By subdividing the space 
the convection loss may lie reduced, and if Lho 
air-gaps aro made small enough to render air 
ou fronts Impossible the heat will bo transferred 
solely by conduction, I 

, ’^ lus wo H(! o that tlio best insulating material 
is ono whloh most nearly approaches in 


conductivity to air. By subdividing space by 
small particles of mutter wc cun reduce the 
heat loss duo to convection mid radiation 
until it is not appreciably different from that 
of pure conduction through the air, but tho 
introduction of solid matter inevitably in¬ 
creases tiie total of the conduction "losses 
since all solids conduct better than air. Hence 
it follows that there is a limit of e/lieienoy to 
ho reached by introducing solid material, 
this is clearly shown in jj, 0 results given 
by Pctavol for tho hoot loss through slag-wool 
insulation of different densities (/'if/. 2). It 
will lie seen that the minimum value was 
obtained for slag-wool packed at 10 lbs. per 
cubic foot. 

The conductivity of the class of poor 
conductors, or insulators, ranges in value 
from about 0-00008 to 0 00030 O.fl.S. units, 
tlio host insulators having nearly twice the 
conductivity „f air (O-OOOOfi). Tho values 
luivo a positive coeliloiont witli rlao of tempera- 
turo which is frequently of the same order as 
that of air. 

Seme typical methods for testing such 
materials are doHorihed below. 

(i.) Mphe.ric.al She.ll Method — Nuwell, ~ 

I hcoroltoally tlio simplest form of solid, 
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iroin tho point of view of conductivity 
measurements, is tlio spliero or spherical altoll. 
I lie (low of heat from a source at tho centre 
is symmetrical and follows a simple mathe¬ 
matical law. On tlio other hand tlio uso 
of a sphere generally gives riso to ' consider- 
able experimental difticmllios and tlio matorinl 
lias to lie made up into a special slmpo. 
However, tho method lias boon successfully 
adopted by several ex|icrinumlors. of whom 
Nusselt' may ho taken as an example. In 
ills apparatus Lho shell of material was con¬ 
tained between two spheres of motal, Tho 
inner ono of copper, Id om. in dlnmotcr and 
l-d nun. thick, was split into liomiup boros 
which wore joined with a bayonet joint bo 

' 1'orsch, Vcr, it. lno„ le Oil, I lotto flit and ill, 
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as to givo u smooth interim'. Tlio outei 
sphere was also split into two halves held 
together by a flanged joint with bolts. It 
was of zinc 1 mm. thick and either (10 or 70 
cm, in diameter. The zinc sphere was coated 
with paint and its temperature excess above 
the atmosphere did not exceed 15° C. 

The space between the spheres was filled 
with the material under test, and a constant 
supply of beat was maintained electrically 
inside the inner sphere. The temperatures 
at different points in the material rvero 
obtained by means of a number of thermo¬ 
couples of iron—cnnstnntan. Caro was taken 
to ensuro that the wires of each couple for a 
few centimetres from the junction wore led 
along the isothermal plane so as to avoid 
errors duo to conduction in the wires them¬ 
selves. The importance of this precaution 
was shown by means of an experiment with 
infusorial earth, in which the junctions of 
two thermocouples were embedded in the 
material at equal distances from the contra 
of the sphere: that is to say, in the same 
isothermal plane. In one case the wires 
from tlio junction wore led away along tlio 
radius, and in the other at right angles to tlio 
radius (t.c. along the isothermal plane). Tlio 
respective readings obtained wore 7<L-0° C. 
and 110-3° C. 

To obtain the temperature distribution in 
tlio material, couples wore fixed along lltrco 
radii at right angles to cuoh other, four 
couplos being arranged symmetrically on 
ouch radius.- In addition to these 12 couples 
others were fixed at difforont points ho that 
the distribution of temperature was studied 
with Homo care. 

When the steady state of temperature had 
been ranched it was sufficient to know the 
energy supplied to tlio central sphere, tlio 
temperature of two isothormnl surfaces, 
The conductivity is then obtained from 
equation (2) above, the value of tlio shape 
factor being in this ease 2ir(ib/(b - a), where 
ft and b are the internal and external radii of 
the shell. 1 

Nussolt used the apparatus for testing a 
mimbor of insulating materials such ns 
infusorial earth, slag-wool, asbestos, powdered 
and stab cork, charcoal, sawdust, wool, silk, 
ootton. The tomperaturo rnngo oxtondod 
from that of the atmosphere to fi00 n 0. and 
the results are stated to bo accurate to 1 or 
2 per cent. 

'The packing of the material and tho arrang¬ 
ing of tho thermocouples must have boon far 
from easy, and tlio apparatus does not therefore 
lend itself to studying the effect of different 
densities of packing on tho conductivity. 
Nnsselt’s results are, however, in vory fair 


E<I <82a) ,leat * Co,uluctl<m <>f ” Mathematical Theory, 


agreement with those obtained with either 
observers, ns will be seen from Table T. 

(■*') Cylindrical Shell Method — Land) and 
Wilson .—A cylindrical shell of mat mini with 
piano ends was adopted by Lamb and 
Wilson - for the purpose of determining tlio 
conductivity. 

Their apparatus is illustrated in Fig. 3. 
Tho material was contained in tho spiieo 
between two cylindrical copper pots kept at u 
doiinito distance apart by pieces of vnlininined - 
11 lire. The inner pot contained a small motor 
with a fan attached to the axis. A tinplato 
cylinder, open at the top ami with holes at 
the bottom, was put inside to direct tho 
currents of air over tlio inner surface of tho 
inside pot, in tlio direction of tlio arrows. 
Energy was supplied electrically to a heating 
coil within, us well us to tho motor; thin 
constituted an internal supply of heat, which 
maintained tho temperature within tho pot 
nt any determined upper limit. 'Clio motor 
and heating coil were commoted in Kories, and 
leads wero carried through a small hole in 
the lid of (lie pots to measure tho current mid 
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tho potential difference, and thus the power 
expended on internal heating. Tho outer pot 
was immersed in n tank kept overflowing 
from Urn water main, tho lid of tho pot being 
niiido into a sort of saucer, into wliioll the 
incoming water ran. In this way tho surface 
of tho outer pot was kept at a uniform find 
constant tempera til re. 

The outer pot was 8 inches in diameter 
and ](! inches high, and thero was a clearance 
of l inch botweon tlio two pots. The tempera¬ 
tures of tlio pots wero measured by thermo* 
junctions of copper and iron soldered at the 
points B and (!. 

Preliminary experiments with couples boI- 
dnretl to different parts of tlio copper pots 
had shown that the tomperaturo distribution 
1 l’roc. ltoy. Soc„ 1800, Ixv, 285. 
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was constant within 0-5° 0., wlion working tlio radii of tho inner and outer pot re- 
with a temperature diftonmen of 2fi° c’ spcctivcly. The formula is an approxinm- 
henco tho two thermocouples at 15 and (J tion, but experiments with 2 - inch layers 
were relied on to give tho temperature gave results consistent with those for 1-ineh 
difference. layers, so that it may be taken ns sufficiently 

The shape factor in this ease was taken as accurate. 
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The thermal conductivity IC is given in tlui Tallinn below as the number of calories per sq. ein. 
per see, per 1 0111 . thickness ]>er 1° 0. dilternnau in lompumturo. 


Substance. 


Asbestos. 


(dry). 

Cork (powdered) . . . . | 

(line granulated) . 

„ slab (cork and pitch) . . j 

Cotton waste.| 

Kider down. 

Kapok (loose). 

„ (tight). 

IJair-foll (slicots) . . . , j 

Infusorial earth or Kiesolgulir (loose) •( 

,, ,, (Imbed lagging) ( 

Kiesolgulir and aslicstos 
Magnesia nslieHtos composition 
Paper orunipled .... 

Sawdust. 

(pine) . 

(fir). 

Silk (loose). 

Slag (looso blast furimoo) 

Slag wool (13 lbs. per 0 . ft.) . , j 


„ (density 0 - 02 ) 


Temperature.! If x Id 1 . 
"C. I O.O.H. Units. 


Authority. 


301 
4-H4 
fi-ti 7 

104-2-It 
2417 
1*30 
1-75 
1-50 
1-20 
0-fttJ 
I -33 
l-o i 
1 -lit) 
1-12 
1-31 
I -04 
M0 
1*1(1 
1-22 
Ml 
t-OO 
0-8 
1--M. 

1- 83 

2- 111 
1-Ofl 

1 - 78 
3-33 

2 - 18 
1-50 
I-(17 

1- 03 

2 - 42 

1 - 72 
1-00 

2 - 0-1 
1-04 
101 
0-112 
1-39 
HO 
0-5-1 


j- Nussclt, 100(1. 

Itnnilnlpb, 1012. 

Iximbniiil Wilson, 1801). 

} Nuflselt, 1000, 

Lamb and Wilson, 1801 ). 

National Physical Lnlmratory, HI20. 

| Nusselt, 15X111. 

National Physical Laboratory, 1020. 
Nusselt, UI0I), 

National Physical Labciralory, 11)20, 

j- Nusselt, IJIOI), 

| Randolph, 1012 . 

J Lamb and Wilson, 18011. 
bumb and \Vilium, 1800. 

Niven and tleddcs. 111 12 . 

) Nusselt, 15X10. 


National Physical Laboratory, 1020. 
| Nusselt, 100(1. 

.llnuilolpli, 11)12, 

Nntlmml Physical Lniwratory, 1020, 
Lamb and Wilson, 1809. 

Nnssolt, 100(1. 

I.amb and Wilson, 18510. 

Niven, 1005, 

j Nusselt, 11)00. 

National Physical Laboratory, 15120. 
Lamb and Wilson, 1801). 

| Nusselt, 15)00. 

| Itandolpl), 1912. 


that of a cylindrical shell of tho length of tho 
inner pot plus that of tho plane ends, Inking 
their areas as tho mean of the end mirfaces of 
the inner and outer pots. This gave a value 
for tho shape faotor 

2 J—L . 

vog«(V , i) h~h )\ 

whom /j and Z a am tho lengths, and r, and r 9 


The tomporatnro difVoronco in these experi* 
menbs was about 20° or 30° 0., and the mint I Is 
are summarised in Tablo I. 

As in tlio ou.yo of tho spherical shell method, 
tho configuration of tho apparatus makes it 
diflioult to hoc uro uniformity of packing, a 
point of some importance in determining tho 
oomluotivity of many insulating materials. 
It is not clear whether the question of heat 
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1 foot wide, surrounding it. These portions aro 
separated by an air-gap, and nro kept apart by 
four small wedges of wood or fibre. They are 
independently heated, and the cnorgy supplied 
to each is adjusted so. that the temperatures 
of the contiguous edges are the same, In 
order to facilitate this adjustment the energy 
supplied to the top, bottom, and sides of tho 



guard-ring could he separately controlled (see 
Fig. 4). Under those conditions the boat 
Hows away from the central portion in lines 
perpendicular to the surface. Tho outer 
siirfftco of each wall of tho material is in 
contact with an Iron plate, which can bo 
maintained at n constant temporaturo. This 
is effected by tho circulation of water or 
brine through a coil of square-section lem I 
pipe, which is clamped on to tho bade of tho 
plate (Fit/. 5). Tho plate and coil aro con¬ 
tained in a wooden case packed with insulation, 
which is not shown in the figure. Tho coil is 
wound In a bililur manner, so that inflow 
and outflow pipes altomato, and Muir the 
temperature is uniform over the whole surface. 
Tho cold plates can conveniently bo run at 
any temperature from -2f>°0. to 
Tho temperature distribution is studied hy 
moans of a number of thermocouples lot into 
grooves in the hot and cold plates. By taking 
duo preeautions the plates can lie kept 
uniform in temperature to within about 0'01° C. 

By means of this apparatus walk of insulat¬ 
ing material have been tested under conditions 
corresponding closely to those prevailing in 
cold stores. Smno of tho results obtained are 
given in Table I. 

§ (4) S or, ids, Mkdium C(inductors 
(K=0*0003 to O'01).—Tho division between 
tho poor and medium conductors is purely one 
of convenience. All non-motallio bodies not 
included in tho former class fall into tho latter. 
Examples of tho medium conductors are tho 
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various kinds of woods and other organic suli- 
Btanecs, the refractory materials and brioks 
used in furnace construction, rocks nml mineral 
substances. The limits of conductivity may 
be said to bo from 0-0003 to 0-01 C.G.S. units. 
No general rule can be laid down as to tho 
change of value with temperature. As may 
bo expected, the more granular materials 
show an inorenso in conductivity with rise of 
temperature, while tho homogeneous solids 
generally show a decrease. 

(■•) Cylindrical Method .—A number of experi¬ 
menters have used a solid cylinder of material 
heated axially to measure the conductivity. 
Tho heat is generally supplied hy a wire along 
tho axis, and tho temperature is measured at 
two or more points at different distances from 
tho axis. If Q. is the quantity of heat generated 
per unit length of tho heating wire, then 

n _ 27rK ( Q 1 —flg ) 

k»K« 

W<> may tako us examples tho experiments 
of Niven, Poole, Cloinont and Egy. 

(a) Niven .—Tho conductivity of u number of 
materials such as wood, sawdust, snml, plaster 
of Paris, and gardon mould was measured bv 
Niven. 1 

A general view of tho apparatus is shown 
in Fiy. 0, while tho arrangement of tho wires 



for boating and measuring temporaturo nro 
shown in Fig. 7. Eor tho central heating 
wire CJ), platinoid of gauge 34 or 40 was 
used. Tho wires AA and BB wore of platinum, 



They were prepared by coating a platinum 
wire with coppor and drawing down till the 
platinum had a thickness of '0*036 mm. and 
tho copper 0-27 mm. Tho latter was then 
dissolved off. Tho change of resistance of 

• l‘roe. Uo>j, Soc., 1005, Ixxvl.JM. 
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those wires gave the difference in temperature 
between the isothermal surfaces, whose dis¬ 
tances from the axis could bo accurately 
measured. Niven experienced considerable 
difficulty in the use of these fine wires, and 
eventually abandoned thorn in favour of 
thermo-junctions consisting of Gorman silver 
wire and iron 0-2 mm. in diameter. 

When solid material was being tested in 
this apparatus, it was in the form of two half 
cylinders. One of these was moved up 
undorncath the wires until they rested on its 
face, and tho other half-cylinder was then 


fixed on top. For loose materials cylindrical 
wooden shells were used as containers. 

Niven gives an approximate calculation as 
to tho time taken for the flow of limit to reach 
the steady state. Assuming the tom porn turn 
to bo taken at two points respectively L and 
3 cm. from axis, and talcing sand which has 
ft dill'iisivity of about O'0032, the time taken for 
the temperatnro difference to reach within 
ii per cent of its final value was ljl hours, and 
within 1 per cent of its final value 7J- hours. 

A summary of Niven’s results is included in 
Table II. 


T.vnr.n II 


Murium Conouctohs 


Substance. 

(Temperature 

J X X 10*. 

1 CJ.O.S. Hulls 

| Authority. 


Il'oorfs 


Ash. 

20 

3-0 

Nivon umtflcddeH, 1012 . 

Uccoli. 

20 

3-7 

Fir. 

20 

2 04-3 04 

J Nivon, 1005.. • 

Mahogany . 

20 

3-42 

j 

Norwegian pino. 

20 

3'18 

f Nivon and (Inddos, 1912, 

Oak. 

20 

501 

Teak. 

20 

3-07 

J 


Ilcjmctorics 


Fireclay Bricks— 




00% SiO a : 20% Al 2 0 3 f burnt at ’ 
4% Fc 2 0 3 : 0'5% CaO \ 1000° 0. J 

230-1100 

35-0 

Wologdino, 1009. 

Ditto . (burntat 1300"C.) 

230-1000 

•12-0 

00% iSiO a : 31% AI 2 O a f burnt at ] 
1% Fc 2 0 3 :1% Aik \ 1330° 0. / 

<100 

1000 

30-5 

405 

Dongill, I Tods man, and Cobh, 1015. 

03% Si0 2 : 43% Al 2 0 3 1 

2% Fo a O a: 1-5% Aik / 

100 

1000 

1(H) 

330 

| Boyd Dudley, 1015. 

Silica Bricks — 




01% SiO a i 1% Al 3 0 3 /'burntat \ 
2% Fc 2 0 3 ; 2-0% CaO [ 1050" C. / 

100-1000 

200 

| Wologdino, 1001 ). 

Ditto . (burnt at 1300° C.) 
05% Si0 2 : 2% A1 2 0 3 \ 

150-030 

31-0 

Dongill, llodflinan, and Cobh, 1015. 

ld% FcjOj , 1 -5% (•„() / 

400-1200 

304) 

00% S10„; 0-0% Al 2 0 3 1 

0'8% Fc 2 0 3 : 1'8% CaO j 

100 

22 0 

j Boyd Dudley, 1915. 

.1000 

42-5 

Magnesite Bricks — 




92% MgO: 5% SiO a 1 

320-500 

151-0 

\ 

l-G%Fo 2 0 3 :1-7% CaO / 

80-5% MgO : 2'5% SiO, 1 

700-1400 

450-830 

014) 

/ Dongill, Hodwuan, ami Cohl>, 1915. 

f'0% Fe 2 O a : 2-7% CaO j 

1354) 

Boyd Dudley, 1015. 

Diatomite Bricks — 

100 

300 



• 500 

4-01 

National Physical Laboratory, 1010. 


Backs 



100 

•104) 


Basalt 

•100 

000 

3!)-5 

39-5 

Boole, 1014. 


0 

31-7 

B. Wchnr, 1880 . 

Clmlk . .. 

20-100 

524) 

Deoil t, 1001. 

— . ... 

22-0 

Hcrflohcll, Ledohour,and Dunn, 1870. 
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Ta iiIjK 1 [ — ennti u u cif 

Substance. 

Tem]) era III re. 
"O. 

ICx 10'. 
C.tJ.S. Units. 

Authority. 


Hacks—con fin lied 


r 

100 

57 0 

| Poole, 1014. 

Omni to.•{ 

601) 

37 0 

l 


75-0-07 •« 

11. J'\ Weber, 1011. 

Lava 

10-100 

21-0 

Mnrano, 18118 . 

r 

100 

50-0 

j- Poole, 101-1. 

Limestone ... 

350 

32-0 

j 


78 0 

Ifeolit, MIDI 

JInrblo.j 


82-0 

11. F. We Iks, ION. 


71-0 

Lees, 1802. 

Pumice | 

50 

5-5li 

Nlis.se It, 1000. 


IM> 

(lerKuhell. l.eilelxuir,ami Dunn, E871). 

Slate. 

04 

35-7 

I.ees mill Choriten, 1800. 


M ixccUttncous 


Cement (Portland) .... 

00 

7-1 

Lees rind Cliorltrm, 18011 . 

Clay tile. 

20 

17-0 

Niven null Geddes, 11112, 

Ebonite. 

35 

4-2 

Lees, 1808. 

Glass (plate). 

20 

11)-2 

Niven and Geildes. 1012. 

„ (22-oz. window) 

35 

2‘1 -r, 

Lei's, 1808. 

Garden mould (dry) 

20 

t'H 

Niven, liil>5. 

Leather. 

Linoleum. 

20 

20 

3-20 

3-m 

j- Niven and Geddes, 1012. 

Naphthalene. 

35 

o-r. 

Lees, 1808. 

Paper. 

Paraffin wax. 

20 

20 

3 27 
(1-05 

} Niven ami (leikies, 1012. 

Plaster of Paris .... 

20 

10-7 

Niven, 1005. 

„ „ (made up) 

20 

12-0 

11. A, Coininlllee. 

Rubber . 

. , 

■1 -fi 

Lees, 1802. 

Sand (line). 

20 

ti-r> 

Niven, 1005, 

20 

015 

Niven and t.Vddru, 11)12, 

Sulphur.| 

35 

0'7 

Lies, IH1I8. 

Shellac ...... 

35 

r>'« 

JAM'S, IH08, 

Vulcanite I . 

20 

4-21 

Niven mid (leddes, 1012. 


It is not clear from the description given 
whether any special precautions were tnkon 
to guard against “ end effect ” due to the con¬ 
duction of heat at tho ends of the healing wire 
and cylinder. Apart from this point tho 
method does not seem to he open to criticism. 

(b) Poole . 1 —This oxporimontor made use of a 
cylinder of material for measuring tho conduc¬ 
tivity of malts. Tho oylindor was heated 
axially by means of a wire dissipating a known 
amount of energy, and it was contained insido 
an oleotrie fnrnaco maintained nt a constant 
temperature which ranged up to 000° 0. 
Several modifications of apparatus woro used, 
one of which is illustrated in Fig, 8. 

Tho furnace consisted of a copper tubo 
wound with insulated niohromo wire and 
contained in a lagged enso. Tho speoimon 
oylindor of rook A fitted roughly into the 
fnrnaco, tho ends of which CC) wove filled with 
pulped asbestos millboard. Tho oylindor was 
IB om. long by 3-0 cm. dianiotor and had a 
hole bored down its axis. With a soft rook 
such ns limestone, a hole as small as 1-B mm. 

1 Phil. Mag., 1012, xxlv. 45, anil 1014, xxvll. 58. 


diameter could ho bored, but with hard nicies 
liko granite or basalt tho bole was nearer 


4-fi mm. in dia¬ 
meter. in the 
latter cases the 
hole was either 
filled in with 
content, through 
which a smaller 
itolo could then 
bo bored, or tho 
platinum heat¬ 
ing wiro (O' 3 
mm. in dla¬ 
in o t o r) w a s 
wound with ns- 
bestos cord to 
keep it central 
in tho hole. A 
constant cur¬ 
rent was passed 
through tho 
wire, and the 



Fro. 8, 


potential drop was measured on the central 


portion 10 om. in length. By using a 
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cylinder relatively long compared to its 
diameter, and by measuring the energy 
dissipated in the portion of the wire well 
within the cylinder, the troublesome) end effect 
found in preliminary experiments was elimi¬ 
nated. Tins difference in temperature of two 
isothermal surfaces and tho mean of tho 
temperatures of the. surfaces wore measured by 
means of couples of platinum and platinum- 
iridiiun 0-1 nun. in diameter. The couples 
were ail in tho central piano of A perpendicular 
to tho axis, the cylinder being cut in half at 
this point. Tho arrangement of tho couples 
ia shown in Fig. D, which ia a plan of tho 



•lower half of tho cylinder. Tho junctions of 
tho couples are fixed in circular grooves out 
in tho face, tho grooves Doing eonnooted by 
radial grooves for carrying tho wires between 
tho circular grooves and for carrying them 
out of the cylinder. It will ho seen that tho 
couples arc arranged so that tho mean E.M.F. 
gives the mean difference in toinpomturo of 
the circular grooves. Tho diameters of the 
latter wore 1 'espcolively 2-01 cm. and 0-725 oin. 
They uro V-shaped, 2-5 mm. deop and 1-C inm. 
wido, while the radial grooves wore 0-5 mm, 
deep. Tho couple wires worn comonted in 
tho bottom of the grooves, and tho two half- 
cylinders wore comonted together. In tho 
right-hand luilf-cylindor a groove was cut at a 
•Hulun™ (mm ii.n .>xis equal to tho gcometrio 
adii of the grooves on tho 
’ l couplo, fixed in this 
givo tho moan 
hornia! surfaces, 

> hotwcon those 
r of 10° 0., while 
i whole apparatus 
by an automatic 
—j wore mado when 
boon approximately 
.......... ,b given for corroding 

-y* ••mivll departures from tho steady flow, 
olo also made use of a cylinder cut into two 
■ts longitudinally instead of transversely, 
is has tho advantage of enabling tho axial 
avo to ho made very smalt and noonrato. 
similar arrangement for determining the 


difference in tcinjicmturo between isothernml 
surfaces is adopted, the junctions of the 
couples being, of course, in a longitudinal 
piano instead of a transverse plane as before, 

l’oolo made a study of the variation of 
conductivity of limestono, granilo, and basalt 
by means of bis apparatus. He shows that 
tho two former give decreases of conductivity 
with l-iso of temperature, while basalt shows n 
slight riso to about 200° O., above which tho 
conductivity is constant. On prolonged heat¬ 
ing all three materials show a permanent fall 
in conductivity, duo apparently to small cracks 
in the rooks. 

(c) Clement and ligi/.—A similar mothod to 
those described immediately above was used 
by Clement and JSgy 1 for obtaining tho 
conductivity of fireclay bricks. The speci¬ 
mens ivoro in tho form of hollow cylinders 
heated by a coil of nickel wire wound oil a 
porcelain tubo fixed along the axis of tho 
specimen. Two holes were bonxl parallel 
to tho axis for tho insertion of thermocouples. 

Tho method has the disadvantage that 
specimens woro required of special form 
differing from that in which tho material 
is used, and there would seem to have boon 
sonio uncertainty in the measurement of tho 
radial distances. 

(ii.) Wall or Slab Methods,—A nnnibor of 
observers have determined the conductivity 
of materials of 
medium conductivity 
by oxporitnonlH oil 
Avails or slabs, In tho 
important class of re¬ 
fractory materials, tho 
methods adopted by 
Wologdine, Uougill, 

Ilodsman and Cobb, 

Boyd Dudley, mid 
Griffiths uro described, 
while for othor 
materials tho work of 
I a!os is referred to. 

(a) Wologdine ,—An 
oxtondod investiga¬ 
tion of tho thermal 
conductivity of refractory materials of French 
manufacture was made by Wologdine. 8 

A diagram of tho apparatus he employed i 9 
shoAvn in Fig, 10. Tho specimen under tost was 
specially made in the form of a oiroulnr disc, 

5 cm. in thioknoss, with a bevelled edge forming 
a portion of tho Avails of a gas-heated muffle. 
Tho tomporaturo gradient through the slab was 
obtained byonibcddingtAVoplatinum, plntinuni- 
rhodium couples at a depth of 5 nun. from each 
face, An additional thermo-olomont in tho air 
near tho hot face gave tlio furnace tomporaturo. 

'Pb*. «»*» 1000, xxvili. 71; Jlull. Univ. Illinois, 
1009, xxxvl. 

1 / H ct ‘ II nd C,irm - 1000, vl. 383, -133, trails- 
mteil by Quencau, 
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The heat transmitted through the slab was 
measured by a How calorimeter in the form 
shown in the figure. 

The design of tho calorimeter is tho weakest 
point in tho method, since tho presence of a 
cooled area on tho upper surface must distort 
the flow lines from normal. A guard-ring 
around tho calorimeter would have eliminated 
this sourco of error. 

Tho couples wore calibrated by reforoneo 
to the freezing -points of copper, common salt, 
and aluminium, together with tho boiling- 
points of sulphur and naphthalene. With tho 
exception of sulphur, the values assumed for 
these fixed points are in fair agreement with tho 
values accepted at the present time. For tho 
boiling-point of sulphur tho value 405° was 
takon instead of tho generally accoplcd value 
445-5°. 

In tho ease of each material, samples woro 
fired at two temperatures, 1050" C. and 
1300° 0., and it was found that the conduc¬ 
tivity increased with the firing temperature. 
Thus silica brinks fired at 1300° C. showed a 
value 50 per cent groalor than those burnt at 
1050" 0. Wologdine also found Unit thormal 
conductivity increased with temperature, 
oxcopt possibly in the case of chromite brick, 
for which tho value was nearly constant. 

(b) Dougill, Hodsman, and Cobb .—Tho ther¬ 
mal conductivities of some liro-elay, silica, and 
magnesia bricks wore investigated by Uougill, 
Iiodsman, and Cobh. 1 Their apparatus was 
somewhat similar to Wologdino’s, hut designed 
to take ordinary sized samples. The heat 
transmitted was measured by the evaporation 
of water from a vessel cemented on to the top 
aurfaeo of tho brick. This calorimeter was 
composed of a large vessel, 0 inches long by 
4£- wide by 3 inches high, with a piano base. 
Within the larger vessel was fixed tho calori¬ 
meter proper, consisting of u chamber 4 inches 
long by 2 inches wide by 2,J inches high. 
Steam distilling from this inner vessel passed 
through a sloping tube to a condensor, tho 
water being collected in a measuring jar. 

The usual rato of evaporation was about 
5 c.c, per minute. The authors state that it 
was found advantageous to surround tho inner 
chamber with a non-conducting jaokot, and 
for this purpose sheet mbbor was found to bo 
satisfactory. 

Probably it would bo bettor if, in this 
method, tho calorimeter was entirely separated 
from motallio connection with tho larger 
vessel, ainco tho existence of a slight gradient 
of temperature across the metal baso might 
seriously vitinto tho results, 

An interesting faot brought out by the 
investigation is tho marked doorcase with 
temperature in tho thermal conductivity of 
magnesia brick. 

1 Journ, Soc. Chcm. Ind., 1015, xxxlv. No. 0, -105. 


(c) Boyd Dudley .—Experiments on (ire-clay, 
silica, and magnesia bricks of American 
manufacture wore carried out by Boyd 
Dudley. 2 The material under test constituted 
ono wall of a furnace heated by means of 
by-product coke. By careful regulation of 
the draught a uniform combustion through n 
depth of 20 inches was obtained. Tho bricks 
composing the wall were 9 inches by 4] inches, 
and built so us to produce a flat surface. 
Tho beat, transmitted through a definilo urea 
of tho wall was measured by a (low colorimeter 
8 inches by 8 inches, fitted with a guard-ring. 
A period from eight to nine hours was allowed 
to elapse after starting the lire before observa¬ 
tions woro commenced. 

Tho temperature gradient through tho 
brides was obtained 
by mennu of a plat¬ 
inum, platinum- 
rhodium couple in¬ 
serted to various 
dopths in holes bored 
t» within | inch of 
tho inner face, 
measurements being 
made every j inch to 
within j- inch of tho 
cold face. 

This method of 
ascertaining the fem- 



Fia. u. 


poraturo at various points is simple, but mi (Tors 
from tho disadvantage that tho couple wires 
aro porpomlioulnr to tho isothermal planes and 
tho readings may be vitiated by conduction 
along the . wires cooling the junction, 

Dmlloy found that tho conductivity of 
magnesite was practically constant between 
445° and 830°; which is contrary to llio 
results of Dougill, Hodsman, and Cobb. 

(d) Griffiths .—An apparatus used by (Irinilhn 8 
for measuring the conductivity of slabs of 
refractory materials is illustrated in Fig. 11. 
Tho faces of those materials are always 
irregular and are generally slightly curved, 

* Mel. and Chcm. Ena., 11)15, p, 315. 

* Trans. Faraday Soc., 11)17, xil. 101). 
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so that it is dillicmlt to obtain n uniform 
surface temperature. With n view to meeting 
the dillicully the heat was transmitted to the 
hot face of the brick by means of molten 
metal, which adapts itself to the irregularities 
of tlio surface. Tin was found to bo satis¬ 
factory for the purpose at low tcmjmraturca. 
It was contained in the cast-iron t-ray T, 
whfuh has a uniformly distributed heating 
coil attached to its under surface. The depth 
of the molten motftl is about 1 cm., and the 
brick under test rests on threo projections, 
so that tho free surface of the tin around the 
edges stands at a level of about 2 mm, above 
the immersed surface of tho brink. 

Tho temperature of tho molten tin was 
obtained by means of a platinum-platinum- 
iridium couple. The details of tho oonstriict- 
tion of this couple are shown in Fig. [2. 

Tho wires woro separ¬ 
ately insulated in the 
quart/. tubes, which are 
enclosed in an outer 
. sheath, the 

I q of which 

I was ap¬ 

proximately G mm. Tho 
bulb B was scaled oft' in 
tho oxyooal-gns lilowpipo 
after tlio insertion of tho 
wires, and no diflicully 
I] was found in bonding the 
tube into tho L form with 
the wires in nilu, pro- 
vided tlio licating was 
not unduly prolonged. 
By rotating the couple 
tho tompomtiiro distribu¬ 
tion over a wide are 
Do. 12 . could lie explored, and 

the insulation of tlio 
quart/, was sullioiontly good hi prevent any 
leukngo from tho boating circuit into tho 

potentiometer, 

The tomporaturo of tho cold surface of tlio 
brick was dotormi»cd by sovoral iron-omcka 
(constnntnn) thermocouples bedded just flush 
with tlio surface. Tho calorimeter was at¬ 
tached to this surfaoo by means of a thin 
Inyor of 1‘uri machos coniont. 

Tho construction of tho How calorimeter 
will bo understood from Fig. II. The guard- 
ring Cl is separated from the oalorimotor 
proper G by a narrow gap about 1 mm. wide, 
the space being filled with mica plates M sot 
ini edgo so as to produco a level surface. Tlio 
inflowing water divides at I), and flows through 
ftdjnuont turns of ])iping in tho calorimeter 
and the guard-ring. Since tho temperatures 
of tlio two streams arc tho sumo, this tends to 
eliminate any gradient of tomporaturo across 


the gap separating the calorimeter from the 
guard-ring. Tho ratio of flow was adjusted 
to produce equal temperature rise. Difforen- 
lial couples of six pairs of eoppor-eonstantim 
measured the rise in temperature in tho water 
flowing through the calorimeter. The tube 
containing tho inflowing couple is separated 
from metallic contact with the calorimeter 
3>y a short connecting piece of ebonite 10. 
A steady stream of water is obtained by the 
constant-level tank shown, and tho rate of . 
(low through the calorimeter determined by 
the time required to collect one litre of water. 

In order to detect any systematic errors tho 
experimental conditions were varied by alter¬ 
ing tho rate of flow, ehanging tho differential 
couples, and the thickness of slab experimented 

Oil. 

In experiments at temperatures above 4G0° 
tho hot face was maintained nt a uniform 
temperature by pressing it against a flat iron 
plato forming a portion of tho wall of a largo 
uniformly heated muffle. In this ease tho 
hol-faco temperature was determined by two 
bare nickel-copper, nickel-chromium couples 
of No. 10 gauge wiro cemented on tho 
surfaoo. 

Data for tlio same sample over tho same 
tomporaturo range obtained by two different 
modes of boating woro in close agreement; 
the molten metal bath method giving more 
concordant results limn the niulllo method. 

(c) Lees .—Lees 1 has determined tho con¬ 
ductivity of small thin slabs of material by 
means of a somewhat novel mothod. Ilia 
arrangement is shown diagraminnliouUy in 
Lig. 13. A small hot plato is formed of two 


Pop per c 


^luatiiiit Gollm 


Go/)/)or u 
jBtib atanco l 
Coppor M 


Da. in. 

coppor discs 0 mid U, between which is 
sundwiohed a heating coil of platinoid insulated 
j>y mica. Tho thickness of the coil with the 
insulation was -11 cm., the thickness of C 
T03 oin., and U -312 cm. 

k wna tho substanco whoso conductivity 
was to bo measured, while M was another 
copper disc -32 cm. thick. Tho contaote of 
b with U and M woro improved by smearing 
tlio surface with glyoorino and sliding them 
together. Tho diameter of all tho discs was 
4 cm. At opposite ends of a diaraotor of 

1 Phil, Trans. Pop. Son., 1808. cxcl. 300. 
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each copper disc were soldered n platinoid 
and copper wire which formed a tliermo- 
jmiction for the measurement of tempera¬ 
ture. 

When the discs had I icon assembled they 
wore varnished to give them the same omis- 
flivity, and the pile was suspended in a 
constant temperature enclosure. The current 
was switched on in the heating coil, and after 
a duo time had been allowed for the steady 
state to be reached, the energy was measured 
and the temperatures of the three copper 
discs. 

The theory may ho briefly stated as follows : 

I.ct Iterate of energy supplied to tho healing 
eoil, 

A = limit loss per second per Hip am. for 1° 
excess, of temperature nf tlio dines over 
that of tlm enclosure, 

e = lho excess of temperature over that of 
the enclosure. 

<=»thiokiio.H.H of disc, 
r-radius of the discs. 


Now the heat received per second by the disc M 
and given up to the air is 



Similarly the heat received by S and given up to the 
niv from its exposed mirfaeo or passed on to M is 

(l -I- 2 -;’) % I- vr n -h J * . 

If K is the thermal conductivity of the dine S, then 
the heat (lowing through the disc is 


7rr a K 



Assuming that the heat flowing through the disc to 
be the mean of the heat flowing into and out of the 
disc, i.e. the menu of the first two (plantides above, 
wo get 



r o / la la 

U .M T - (/ji -I- ^ • V H -I- -^I'u 



Which gives us a relation between K and A. 
Further, (lie total heat imparted to tho system 
must equal that given up to the air from all 
tho exposed surfaces, and therefore we got (ho 
equation 


( 2 / *'il "if 

If - 7rr 2 /i| t> M -I- v a -I- r ^ M » M -I- l H . —j--- Vu 


From these two equations tho values of K 
and h can bo determined by measuring H and 
the tomporaturcs of tho discs. 

■ Lees worked out tho correction for tho 
conduction of heat along tho thermocouple 
wires and tho lends to tho heating eoil. 

Ho used this method for determining tho 
conductivity, and variation of conductivity 


with temperature, of a number of substances., 
such ns glass, sulphur, ebonite, shellac,, iibro, 
naphthalene, lard, lie also extended this 
method to apply to liquids in the manner 
described below (§ (7 ii.)). 

§ (5) Solids; Metals (K -0-015 to TOO).— 
Tho class of inetnls is distinguished liy ils 
high conductivity alike of heat and electricity. 
This is explained by tho supposed tlependeneo 
of tho two phenomena on the dilhmion of 
electrons, and a mathematical relationship 
has been established between them which, 
as will he shown below, is partially eon firmed 
by experiment. In the non-motnllie solid, on 
the other hand, the. electron is supposed to 
he capable of vibration only, so that heat 
conduction is assumed to bo chin to iiiloiiml 
radiation. While t-liin theory explains tho 
known facts bolter than any yet advanced, 
it should be pointed out that it fails to account 
for the fact that some dielectrics have a higher 
conductivity than tho worse conducting metals, 
e.ij, the conductivity of quart/, parallel to tho 
axis (K =5*020) is greater than that of bismuth 
(K=0-01(1 to 0-010). 

The conductivities of metals range from 
0-015 to TOO (J.Cl.iS. units. I’rnetioully all the 
pure metals have a small negative coeilieient 
of conductivity with rising fempcmlure, while 
the alloys show a positive eoellieient. 

The high conducting power of inelals gives 
rise to certain niadifleutiomt in Urn types 
of apparatus described above. Thus if is 
noccsHiiry to use a considerable thickness of 
melnl to obtain appreciable iemperature 
gradients, and tho measurement of Hie bound¬ 
ary temperatures is vory diflie.ult. This 
latter point is well illustrated by the early 
experiments in which a slab of motiri was 
honied on one side by steam or hot water ami 
cooled on tho other side by ice or odd water. 
Under those conditions the tempera turns of 
the faces of the.metal wore assumed to be 
those of tho steam, ice, or water ns tho oiiho 
may ho. Acting on this assumption, Clement 
obtained a viiluo for tho eoiuhietivlty of copper 
which was 200 times too low, while IV-ulet, 
who was aware of tho source of error in 
Clement’s work, and took extraordinary 
precautions to sccuro oftioionfc stirring, still 
obtained a value for copper which uim about 
ono-flftli of tho truo value. Tho dilliculty 
is duo to tho fact that, even with the most 
vigorous Btirring, thorn is always in mini,net 
with tho metal surface a thin film of fluid 
which is at rest, and thus has u temperature) 
gradient through it. If il is the thickness of 
tho motnllio plate {of truo conductivity K) 
anil d l and (l 2 of the stationary films of fluid 
(of conductivity K') on each side, it unit 
onsily he shown that the effect of assuming 
the tomperatures of the metallic surfaces to 
bo Mioho of the moving liquid on each nido 
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is to give an apparent conductivity of the 
metal equal to Hie true conductivity divided by 


K K +rfg ) 

'K' A * 

In the case of copper and water tlio value of 
K/K' is about 700, ho that the value of and 
d 3 would only have to bo 7 * 5 of tlio thickness 
of the copper to obtain an apparent con¬ 
ductivity nno-fiffch of its true value. 

(i.) Plate Method. 11all .—In spite of tlio 
difficulties mentioned above, tho plato method 
has been used—notably by Mall, 1 to whom 
is duo an ingenious method of determining 
the difference in temperature between the two 
faces of a thin metal plate. 

Ho experimented with a disc of iron 10 cm. 
in diameter and 2 cm. thick. Each side of 
tlio disc was coated with copper to a thickness 
of 2 mm. By attaching a copper wire to 
each side a differential thormocouplo was 
obtained the E.M.F. of which gavo tlio 
difference in tomperoturo between tho two 
surfaces of tho disc. Hall had a number of 
copper wires attached to the oopper faces, 
which were immersed in streams of water at 
different temperatures. Tho heat coming 
through tlio disc was givon by tlio rato of flow 
of tlio cold water (about 20 gin. per second) 

. and tho rise in temperature (about 0-5° C.). 
Tho difference in tomporatuio botween the 
faces of tho iron diso wus of tlio order of 
1° C., whioh corresponded to 10 microvolts 
of the differential oouple. The individual 
wires gave readings differing by as much 
ns 10 per cont, which was a serious source of 
uncertainty. IIull obtained values of con¬ 
ductivities ns follows : 

Cast iron, O MOOO.G.S. units nt 30° U, temperature 
coefficient -0'000713, 

Pure iron, O' 1/330 C.tl.S. units at 30° <?., temperature 
coefficient -0'0003. 

The value for pure iron is in good agreomont 
with recent determinations, while tho value 
lor cast iron seems to bo too high. 

(il.) Bar Methods .—For tlio reasons which 
have been indicated above, bars havo been 
commonly adopted instead of plates for tho 
purpose of conductivity measurements. 

(a) Forbes .—Ono of tho earliest moUiods of 
determining tho conductivity of a motallic 
bar was that duo to Forbes. IIo took a long 
bar kept at a fixed tompomturo at ono ond. 

" hon the fl teady state of heat flow had boon 
reached, tlio tompomturo at a series of points 
was measured by ineaiiB of mcroury thermo- 
meters lot into holes in tho bar. By plotting 
these observations and drawing a smooth 
curvo through thorn, tho comploto temperature 
distribution along tho bar was determined. 

Iko tangent to the curve at any point gavo 
* Proc. Amer. Acad., 1808, xxxlv. 283. 


tho temperature gradient (dujdx) til that 
point. 

To obtain the boat flowing iuu’ohh the 
particular cross-section of the bar, Forbes 
determined the total boat loss from tlio 
surface between this section and tho cool 
end of the bar—the two quantities am 
obviously equal. For this purpose a ho pant to 
experiment was nmdo on a nimilar bar which 
was uniformly healed and loft lo cool in tho 
same surroundings an tlio first bar. From 
tho rato of coaling of this bar and a knowledge - 
of its heat capacity, tho rata of bent loss per 
unit area could he determined for any tempera¬ 
ture. Tho data obtained were used for com¬ 
puting tho boat loss from t he surface of tlm 
first bar, measured from tho particular cross- 
section. Tho temperature gradient having 
boon determined in tho first experiment, tho 
conductivity was at once obtained. 

Forbes used for tho first oxporhnont, 
whioh has boon called tho “static” experi¬ 
ment sineo it dealt with tlio steady state of 
heat flow, a bur of wrought iron 8 feet long 
and lj inch square section. Tim hot ond of 
tho bar was (Ixod into any iron oruoiblo which 
was maintained at tho temperature of molting 
lead or soldor. Tho oxperimenial conditions 
wore varied by having tho motnl bright 
polished in ono ouso and covered with while 
paper applied with a liltlo panto in another 
onso. Tho surface oniissivity in tho hitler 
condition was oiglit times that in tlio former, 
For tho second or “dynamic” experiment 
in which the emissivif.y was determined for 
various toinpemtureH, a bin: of tlm nnmo 
material and cross-soulinn wan used, hut only 
20 inches in length, 

Forbes obtained the conductivity of wrought 
iron for a mimhor of tcnipomturcs up to 200"'U 
Mo assumed, however, that the specific heat 
of iron was constant, whereas it increusuH by 
sumo 10 per cent for every 100" Cl, rise. For 
this reason Forbes’ values are o)isolate. When 
corroatod by Tail and Mitchell, they were 
brought moro into lino with modem' values 
but wore still unsatisfactory. Apparently 
another source of error arlaim from the fact 
that tlio “ dynamic ” experiment does not 
give tho trim emissivily coefficients applicable 
to tho “static” experiment, owing to the 
tompomturo distribution insulo the bar being 
difforont in two cases. Thin would not, 
hmvovor, account for tlio large discrepancies 
m tlio experiments, of which no satisfactory 
explanation 1ms boon given. Thus Forbes, 
using two bars respectively Ij-inoh and 1-incli 
square section, obtained values differing by 
some 20 por cont, while Mlfccholl repeating (lie 
ox j ion men ts on ono bur nnd cooling it in tlio 
centre obtained a value differing by 8 por emit. 

In spite of tho criticism that has been 
lovollod at it, Forbes’ experiment is interesting 
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as being the first attempt to determine the 
conductivity of a metal in absolute measure 
His method has been followed, with improve¬ 
ments, by a number of experimenters, notably 
Mitchell, Stewart, Lees, Cnllenclar, and 
Nicholson, 1 The two last-mentioned made 
several important modi lien {.ions in the method 
To avoid uncertainties of surface loss a largo 
bar 4 inches in diameter was used and the loss 
from tho bar was reduced to a quarter by 
lagging. The end of tho bar, whioh was 
4 feet long, was surrounded hy a calorimeter 
and cooled by a stream of water. Tho m ( 0 of 
flow of the water and tho temperature rise gavo 
the quantity of heat passing out at tho end of 
tho bar. Tho heat leakage through tho lugging 
could bo computed mid was only a small' frao- 
tion of that absorbed by the calorimeter 
The uncertainties of Forbes’ method hid much 

reduced by tho above-mentioned modifications 

Tho apparatus is illustrated in Fiy. 14 . 

Griffiths 3 has also made use of a similar 

! Undid. liril, 11 tli Kil. an." OoiKhiotton of ir,-at. » 
Advisory (.oiiuuitteo for AoroimuMrs, Liu hi AUoun 
Sub-Committee Report, No. 7, November 1017. W 


method for measuring tho conductivity of a 
senes of aluminium alloys, intended for 
aeroplane engines, up to a temperature of 

* i- i i hm . ft Pl ,aratuB tho heat was 
supplied by n niohmmo strip wound oil ono 
end of a bar, while on tho other end n spiiu] 



l-ipo was wound which acted as a Jlnw calori- 
motor. 1 he electrical input into tho boating 
D. was found to equal the amount <4 hen? 
mvmg, out throng], tho calorimeter plus (he 
amount lost laterally through tho lagging, 

Ho, o o (! i! ha !' m0 ° H,,eot ohStod, 


Taiilk ] | £ 
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Cadmium . 
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l 

■ •{ 


V 

.. (ohhI), 2% Os 3% Rl: 1% Mn / 


Metals 
~ 1(H) 

1H 
1H 
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Substance, 


Ta iu,i3 JI f. — con tin ued 


Temperature, 

K. 

° C. 

C.O.H. Units, 


A uttioi if, 


Iron (cast), .1/3% 0:1-4 Si: 6% Mn 
Steel, 1% 0. 

Lead ....... 

Magnesium. 

Moroury 

Nickel, 00% Ni .... 

,, 07% Ni . . . . ( 

Palladium. 

l’latilium . . 

Silver ...... 

Tin.- 

Tungsten.i 

y.ino . 1 , 


M rlnls—coni in ued 


30 

•M0 

-160 

■113 

18 

•115 

18 

•108 

100 

•107 

— 252 

•11 

- IfiO 

•092 

18 

■083 

100 

•082 

0-100 

•37(1 

17 

•0107 

30 

•0201 

10 

•0201 

-100 

•120 

18 

•142 

100 

•138 

18 

•168 

100 

•182 

- 252 . 

•83 

18 

•160 

100 

■173 

-160 

•008 

18 

•074 

18 

1-000 

100 

•002 

-ICO 

•102 

18 

•156 

100 

•145 

18 

•35 

0 

•383 

2100 

•273 

2100 

•342 

-100 

•278 

18 

•2(15 

100 

•202 


Hall, I8DK. 

} Ues, 1 

} nml IX, 11300. 


Meissner, 

11)15 

Lees, 1008, 

J <L nml 1), 

1000. 

Lorenz, 1881. 

h. Worm, 

ioo:i. 

Bergd, 1000. 

' Ni'ttfoton 

min. 

Lees, Hi|)8. 

h 

i' J. and 1 )„ 

moo, 

Meissner, 

015. 

j •!. and |> ti 

1000. 

J bees, 1008 


J .1, and 1)., 

11)01). 

1.1-ch, 1008 


}• -L nml 1),, 

11(00, 

Cuolidf-c. 


R Waller, 

1017. 

Langmuir, 

1017. 

Worthing, 

11)14. 

Lees, I0ON, 


J «L and 1 )., 

1000. 


Aluminium alloys 
1-0 Mg: 2 Ni: 8 Cu ; 88-rt Al 
1 Mn: 8 Cu: 01 Al 

1 Ni: 8 Cu: 01 Al 

2 Fo : 8 Cn: 00 Al 
Brass, 70 Cu: 30 'An , 

Bronze, 00 Cu : 10 Sn 

Conatanlan, 60 Cu: 40 Ni 

German silver or platinoid, 02 Cu: 
15 Ni: 22 7,n 

Lipowitss alloy, 00 Bi: 20 l»b: 14 Sn: 

11 CM 

Mnnganin, '84 Cu : 4 Ni: 12 Mn 
Wood’s alloy. 


Alloys 


1 

r • ioo 

•30 


' 1 

301) 

•40 


/ 

100 

•30 


l 

300 

•30 


( 

100 

■41 

- (IriflllliH, 1017. 

t 

300 

•42 


/ 

100 * 

•38 


l 

( 

300 

•30 


-100 

•181 

1 

\ 

17 

•200 

j Loos, 1008, 

1 

10 

•ODD 

1 

( 

200 

•131 

/ (JriflHK 1017. 

J 

18 

•054 

\ 

l 

100 

•004 

f .T. nml IX, 1000. 

J 

-1G0 

•013 

\ 

1 

18 

•050 

I 

{, 

-160 

18 

•042 

•014 

? Lees, 1008. 

/ 

-100 

•035 

) 


18 

•063 

1 , 

l 

100 

•003 

1 iF. and ])., 1000, 

— 

7 

•032 

H. R Weber, 1870. 
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(/>) lieri/et .—Bergot 1 made use of ft guard- 
ring method for tiio purpose of determining 
the conductivity of a number of metals such 
us copper, iron, brass, mercury. The nrrango- 
monfc of tiie apparatus used for the incroury 
determination is shown in Fig. Iff. A cylin¬ 
drical column of mercury was contained in n 
glass tube AJ3, which was surrounded by an 
annular column of mercury which acted as n 
guard-ring. The surface of the mercury 
columns was heated hy steam, and the base of 
the outer column rested in an iron plate 0 
which was cooled hy iec. The tube carrying 
tho central column of moroury projected 
through tho iron plate into a Bunsen ieo 
calorimeter as shown. Tho temperature dis¬ 
tribution was determined hy means of four 
iron wires which projected into tho oonfcral 
column. Each pair of those wires, with tho 
intervening moroury, formed a differential 
ivon-moroury couple which gave tho difference 
in tompomturo between tho ends of the two 
iron wires. The distribution of temperature 
was found to bo linear when the steady 
stato lias boon readied. The ice calorimeter 



FIG. If). 


gave tho quantity of heat passing through 
tho column, and thus tho conductivity was 
obtained. 

Borgot’s valuo for moroury of 0-0201 is in 
close agreement with recent determinations 
such ns that of Nottleton. Having obtained 
1 Jour, da 1'hys., 1888, vil. 603. 


tho value for moroury, he measured this 
conductivity of other metals by comparison. 
A column of moroury was superposed on it 
column of metal, each surrounded by a guard- 
ring, ami from a comparison of the tempera¬ 
ture gradients the conductivity was deduced. 

(e) Le.ea .—Bees 2 determined tho conductivity 
of a number of pure metals and alloys over 
a range of temperature! 
from - 1 SO 0 <_). to 30° O. 

Ilis apparatus is iilus- 
trated in Fig. 1(1. 

11 was a r«al of metal 7 
or 8 cm. long and about 
()•/> cm. in diameter. The 
lower end fitted into a 
capper disc I), which 
formed tho bottom of it 
copper cylinder T closed 
at the top. A, 'll, and C 
were three thin brass 
sleeves, fitting closely to 
tho rod with which good 
thermal contact was 
secured by a film of olive 
oil. Of these A and It 
carried platinum coils for 
the measurement of tem¬ 
perature while (5 carried 
a heating coil of platinoid Pki. m, 
wire. The copper cylin¬ 
der T was placed on a wire frame resting cm t he 
bottom of the Dewar llaslc V. Around the 
outside of T was wound a platinoid wire p of 
the sume resistance as the heating noil (.', and 
whenever the current wtut switched off from (,' 
it was switched cm to p, so that tho rate of 
heat supply to the apparatus as a whole 
was constant throughout the experiment. A 
further boating coil I? wound on T enabled 
tho tomporuluro of the apparatus to ho raised 
rapidly if desired. 

Tho experiments were started at liquid-air 
temperature. Tho eurrout was switched on 
to (! until a suitable) difference of resistance 
(generally equivalent to about 5°0.) was 
obtained between A and B. The current was 
then switched on to p, and aftor live or ten 
minutes tho difference in resistance between 
tho coils A and B was ngnin measured, ns well 
as the actual resistance of the lower one A, 
Tho difference in tompomturo between A and 
H when tho healing current Hewed round (!, less 
fclio mean (11 il'oronco in lomporaluro (before 
and aftor) when the current was (lowing 
through p, gives the difference! in tompomturo 
which would he produced if the heating current 
wore con tinned in 0 ami tho surrounding tube 
T kept at a constant temperature, i.e. assuming 
tho rato of rise of tompomturo o£ tho apparatus 
was constant which was secured, us explained 
above. 

’ J.ces, Phil, 'Tram. Hog, floe,, 1008, eovlil, awl. 
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While the general theory of the experiments 
was simple, they are remarkable for the skill 
and care with which Lees explored the various 
sou rocs of error. Thus the alcoves were of 
appreciable length and size, but formulae wore 
obtained giving the approximate effect of the 
dimensions of the sleeves and of the small 
dilforenee in temperature between the rod and 
platinum resistance coils on the sleeves. 
Again corrections were worked out for the 
elf'cot of the lends to the heating coil 0 and the 
platinum coils A and IS, while the fact that 
the observations did not apply strict ly to the 
steady state of temperature distribution was 
shown to bo of small effect. 

Lees’ experiments over the range from 
- 170° to ;fy° o. confirmed generally tho con- 
elusions of Jaeger and Dicsselhoret—from their 
work between 0° and 100° 0.—that tho pure 
metals show a slight decrease in conductivity 
with rise of (einpcrnturo. lie did not, how¬ 
ever, find that the maximum conductivity 
always occurred at tho lowest tomporaturo. 

the electrical conductivity of tire metal 
rods was also measured by Lees, and his 
conclusions as to tho relation botweon thermal 
and electrical conductivity will bo reforrod to 
later (§ (10 i.)). 

(iii.) Electrical Mdhoils. —Several mot hods 
for measuring tho conductivity of a bar of 
metal have been proposed in which heat is 
( applied by passing nil olectriu current through 
the bar itsolf. If tho onrls are kept at a eon- 
Want temperature, there will ho established 
throughout tho bar a certain distribution of 
temperature, which will do pond on tho strength 
of tho clcotrio current, the oleetrioal and 
ihornml conductivity of tho material, and tho 
heat Joss (if any) from the surfaco of tho bar. 

(rt) Kohlmitsch ; Jaeger and .Dicsselhorsir .— 
KoJilmusoh 1 took tho caso whore all heat loss 
fiom the surfaco of the bar was provonted. 
Calling 

K-thermal conductivity, 
electrical conductivity, 

0 =tomporaturo at any point, 
cicatrical potential at any point, 
obtained the following solution of the 
diuorcntiu! equations for thermal and electrical 
equilibrium : 

0 = Jj£» 8 +AtH-A', 

whore A and A' aro constants. Hence, by 
Uotonmning the tomporatures and potentials 
at three points, A and A' oau bo eliminated, 
and we got 

A -l- 0*(v* ~ > \ ) I- t yr. - rA 


he 


fa ~«ajfai — v a )(v 3 — 

KohlmiiHch also showed that if tho conductor 
isof any shape, and is thermally and olcotrically 

M p !Z’-T A AlSt,\S^.S } ‘ 


insulated except for the two areas ( hrongli 
which the current is supplied and throng fi 
which heat is abstracted, the same solution 
holds. Hence, if holes aro drilled in a bar for 
the purpose of inserting thermometers, tho 
method will still be exact, provided Mint tho 
temperatures and potentials are measured rib 
tho same points. 

Jaeger and .Diesselhorst carried out Kohl- 
ransehs method into practice. They Limit 
cylindrical bare of metal, 273 cm. |,,ntf unci 
generally about 2 cm. in diameter, with their 
cads fitted into copper blocks, which ivc.ro 
screwed into large water-baths. The bar 
surrounded by a cylindrical jacket, kept at u 
constant temperature by water or steam circu¬ 
lating outside it, tho spaco between tho bur 
and tho jacket filled with wadding. Thom 
was, of course, a certain amount of heat lews 
through the wadding, which was estimuted 
by varying tho temperature of the iaoJcob 
surrounding tho bar. For the discussion of 
this and other corrections, reference immfc Jjo 
made to the original paper. The tempera limm 
were measured by thermocouples. 

The determination of the tomporaluiroa and 
potentials at three points gives tho ratio of 
the thermal and electrical conductivities, and 
the latter constant being easily determined, 
the thermal conductivity was obtained. 

dnegor and Dicsselhoret .carried out a very 
oxlensivo investigation on a number of mm, 
metals and a few alloys for temperatures 
between 18° and 100° 0. They found that 
pure metals with one or two exceptions, 
showed a slight deoronso of conductivity with 
increasing tompomture, an<l that they obeyed 
approximately Lorens law-that the ratio 

dlvidlul ‘"i « leotl ' i ‘ !(l1 oondnctivltloa 

dnidul by the absolute tompomture is a 

constant. Lorenz’s constant showed a slftflifc 
positive tompomture oocfiioiont. 

_ vnV'u 1 ( ? V<>,k l ’°i ,roHouta 11 Important 
contribution on the subject of conductivities, 

and tlioir vatuos havo been amply confirmed 
by subsequent observers. 

The method of Jaeger and Dicssolliut-wt 
lias been used by Meissner 3 for measuring 
conductivities down to a tomporaturo of 20" 

" ,3 r ' Hl . 8 ™ rk firmed generally tho vain oh 
of Lees, but ho found that both tho resistivity 
and Loren/, s constant decreased rapidly 
ns tho tomporaturo of liquid hydrogen was 
approached, showing a reduction at 20 ° alia, 
ot about 8(j per cont on tho value at 0° 0. 

(6) Callendfir.— Callendar 8 has also devised 
ft method of determining tho conductivity of a 
rod of metal which is heated by tho pnsHn.ro 
of an electric ourront. Tho ends of tho rod 
aro kept at constant temperature by insertion 
into water-cooled copper blocks. Tho rod is 

* Deulsch. Vhws. timil. Vcrh., 1014, xvl. 202 . 

hncycl . lint, II tli K<l. '* Goiuluotlon of ifeat." 
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Ian- surrounded by a jacket at tho same 
miporature, which is taken as (ho zero of 
iforence. Tf R. (l is the resistance per unit 
ngth of flio rod at tho zero temperature, a 
its temperature coefficient, then the resist- 
ico of a small element of tho rod at a distance 
from the centre is 

K 0 (M-a/>),/.r. 

ho Jicut generated in this element by tho 
issage of a current 0 is 

o a jyu ao),u 

^ there is a gradient of temperature from 
o centre of this rod to tho ends, heat will 
uss through the element dx hy conduction, 
id tho excess of heat entering tho element hy 
nduotion over that leaving it will ho 

.d a l), 

being tho conductivity and A tho area of 
e cross-section of the bar. When tho steady 
do has boon reached, this excess of heat 
II ho balanced by tho heat loss duo to 
liation and convention front tho surface 
tho olomont, loss tho heat generated in the 
moot by tho passage uf tho current. Hy 
"'ton’s law the former quantity will he 
'Od.v, .IS being the surface omissivity and p 
) perimeter of a eross-Heofum of the rod. 
tinting these quantities wo get 1 

C'Mod+a^^Epfl-KA^. 

o current 0 is so adjusted that (FIVi-%, 
that tlio loss of heat from tint surface of 
rod is compensated at all points hy the 
rouse of resistance with rise of lemporaturo, 
i equation then reduces to 


small change of resistance accurately, and of 
avoiding stray thermo-electric oiTeets, 

Duncan, 2 using this method, found tho 
conductivity of copper at 33° 0. to ho 1-007, 
which is about 8 per cent higher than that 
obtained by Jaeger and Dicssclhorst. 

(c) Mendenhall and AngcU .—Another example 
of an electrical method is that suggested by 
Mendenhall, and described in a paper by 
Atigell, 3 for measuring the conductivity (if 
metals at high temperatures, 

If a cylindrical rod is connected at ils ends 
to two heavy electrodes and heated by a con¬ 
stant current, tlicro will ho arising tempemtmo 
gradient from tho ends towards the middle 
of the. rod. This longitudinal gradient, will 
decrease as the middle is approache<l, ami for 
an appreciable distaneo on each side of the 
centre will ho negligible. Thero will bo no 
tendency, therefore, for tho bent generated in 
Mus portion of the rod to flow towards the ends, 
the temperature gradients will ho radial, and 
the heat will flow radially and he dissipated 
at lho surface. Consider now u length of rod 
/within the central zone. Lot r lm the radius, 
L tho fall of tho potential per oontimotro, l 
the current density (which is assumed uniform 
over the cross-section), IK and the tomporn- 
iurcHat the axis and olroumfemiieo rcspcotivoly. 

Then, ninco tho lmat genornted within any 
cylindrical snrfaeo of radius r passes radially 
to tlio surface, wo have 

irr 9 ! K/:-a - 2irr/Ivv. 

. dr 

integrating wo get 


d*0 U 2 lt 0 
dx*™" it a 

that, 21 being the length of tho rod, 

3 givos tho tempomturo at all points of tho 
i and it can he shown that Mm mean 
poraturo is 0 3 iy/ 2 /;jKA. llcnco, if H m 
io moan rcslstanoe per unit length, wo got 

rr.... 

:iA(u m —jt 0 j- 

distribution of tom poraturo is always 
'ly parabolic, if tlio dimensions of tho rod 
suitably chosen. .It is not theroforo 
'ssary to set Mm current to tho valuo 
tV very accurately, as tho cnrrocMnn for 
rnal loss is small in any ease. Tho oliiof 
co of error is in the nioasuromonfc of tho 

Thomsen eQ’crt Is 

1 r. ol n, < ’ lll . lli,l,llc ' 1 l,y ,(,!0 l lln K Mill two ends 
3 same tcmiumiliiro. 


k« 

'I’ho ftbnvo formula dopends on the assumption 
that tlio current density is uniform over tfiu 
oniBs-floctlon. This is not strictly tlio oaso, 
Hinco llioro is a tompornturo gradient from tlio 
axis to tlio olroumforcnco wliioli gives rise 
to a variation »f resistivity. Angoll shows, 
however, (hut for mota! mils of less than 2 
om. in dinmoter the offcot of tho variation 
is nogligihlo, In tlio aolunl oxpoHinonts a 
hollow aylindor was used, and tho formula in 
this enso in 

Hy monanring tho dimensions of tlio cylinder, 
the values of J 1 . and 1, and tlio temperatures 
of the inner mid outer surfaces, tho value of 
K was obtained. 

Tho apparatus used is illustrated in Fig. 17 . 
Tho motnllio rod was 1-2 cm. in diameter mui 
about Irt cm. long, An inner hole wan bored 
through tho rod 0-17 oin, in diameter, and 
this was on larged, ns shown in tho figure, 
except fur the central length of ii cm. Tho 

* McGill doll. Hr mi, 181 ) 0 . 

3 l'hua. Her., HM1, xxxlil. -121. 
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> found Worthing. He also contends that 
the value of Lorenz's constant is of the order 
that would ho expected from Jaeger and 
Diesselhorst’s value at 18° 0., and the 
temperature eoellioient which they found 
between 18" 0. and 100° 0. This was con¬ 
trary to the very large change in the constant 
which Worthing found over the range 1200° C.- 
2200 ° 0 . 

(iv.) Indirect Methods .—In tlie case of metals 
it is often convenient to determine the 
conductivity by comparison with some other 
metal whoso conductivity is known. 

(«) Wiedemann and Franz .—As an example, 
tho method of Wiedemann and Franz ' may la; 
quoted. These experimenters took a bar of 
metal, one end of which was maintained at a 
constant temperature, mid which was sub¬ 
mitted along its length to the effect of cooling 
by radiation and convection inside a constant 
temperature enclosure. When the steady How 
of heat had hecn established, the temperatures 
at throo points at equal distances apart wore 
measured. 

The temperature distribution along a bar 
under the conditions indicated is given by 
(cf, equation in § (f>) (in.) (6)) 


, r .d 3 0 , , , 
KA t hr ~ ljp0 


If now the temperatures 0 lt 0„, and fly am 
measured at throe equally spaced points at a 
distance a apart, it can be shown that 

(»+ v'w’-i). 

where 

So that if wo take two bars of different 
materials, lmt with the same oross-sootion A, 
the same porimoter p, and tho muno eooflioiont 
of heat loss TO, ami determine tho temperatures 
in each case at three equally spaced points at 
the same distances apart, we get the ratio 
of conductivities from tho following equation 

/ .It ^ log (»' I- ) 

'V K' higCnTW-Tr 

The rods used by Wiedemann and Franz wore 
half a metro long and (1 mm. in diameter, 
and in order to scouro the same surface 
omissivity for all tho rods, they were electro¬ 
plated. One end of tho rod was heated by 
steam and tho remainder was surrounded by 
a water - cooled onclosuro which could ho 
exhausted if required. Tho temperatures at 
three equidistant points wore measured by 
means of a sliding thermocouple, 

Wiedemann and Franz drew up a table of 
relative conductivities of a number of metals. 
Tho experiments represented a considerable 


1 Ann. de Chimic, 1854, xll. 107. 
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advance nt the time they were carried out 
(nearly seventy years ago), but some of their 
results must now ho regarded us obsolete, 
the probable euuso being tho presence of 
impurities in their specimens, 

There is also tho point, to which I’colot 
drew attention ns long ago as 18(10, that tho 
assumption of Newton’s law of cooling, 
which only holds approximately for small 
differences of temperature, must introduco 
eonsidomblo error. 

(b ) Voigt. —Another method of comparing 
the conductivities of two metals is that duo 
to Voigt. 2 He took thin plates of tho two 
materials cut in the form of right-angled 
triangles, and placed them in contact 
along their hypotenuses. Tho lengths erf 
the sides a and b {Fig. iff) are chosen so ns 
to be approximately in propor¬ 
tion of tho conductivities of tho 
plates. 1-l.cat is then applied by 
menus of a copper bar at 70° to 
00 ° 0. along the short side b of tt 
the good conductor or the long 
side a of the had conductor. Tho 
whole surface of the composito 
pluto was coated with a layer of 
dahlia acid to which wax and 
turpentine am added. The acid molls at '.lf>° 0. 
and solidities in crystals yielding a well-do lined 
isothermal curve. The ratio of the conduc¬ 
tivities is derived from mensuroinents of tho 
angles which the isothermal makes with tho 
common hypotenuse, being in tho proportion 
of Mm tangents of Die angles. 'Tho limit- of 
accuracy of which Urn method is capable in 
about 2 per cent. 

RIoL/hoIi used this method for measuring 
tho conductivity of copper containing varying 
amounts of phosphorus and arsenic, it Ims 
also been used for glasses, „ 

(v.) Periodic Flt>u> Method*, (a) A nijulrdm .— 
Tho me tin. id 1 is of intercut in Hint it differs 
in principle from tlmso previously described 
which Imvo all been concerned with tho 
steady state of heat flow. In this case tho 
condnotivity was deduced from observation of 
the periodic flow of heat ill u long bar. 

If wo consider any thin orum-HGoUnn of a 
rod tho temperature of which is changing, tho 
difference lietwe.cn tho bent flowing into and 
out of this section must he equal to tho heat 
lost from the surface of tho section pins tho 
boat required to raise the temperature of tho 
section itsolf. So that wo have (of. § (h) 

(Hi.) (6) 

KA|^4A0j. 

If tho rod is surrounded by a guard-ring 
which provonfcs heat loss from tho mirfiioe, 

* A mod. l'lm. Ghent., 18U8, Ixlv. 05. 

» Ann. dcr Vim., 1000. tv, (II) 408. 

* Phil, Man,, 1803, xxv. 130. 
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tlie first term on tho right-hand side valuation 
and the equation becomes 
, J'-O <10 

where h 2 is the diffusivity or tho conductivity 
K divided by the heat capacity per unit 
volume C. 

Now, supposing that a simple harmonic 
oscillation of temperature is impressed on 
one end of the bar, it can he shown from tho 
above equation that 

\ a 

h2= iVv 

where T is tho periodic time and <\ tho 
wave-length of tins tomporaturo oscillations. 
It follows also that tho amplitude of (lie 
tomporaturo oscillations at any point at a 
distance x from tho source is proportional 
to e~ 2 " J '/ y , Tho amplitudes thus doorcase 
as we recede from the hot end and likewise 
tlie mean temperature.- 'Tho lompcru- 
x turo distribution at any instant is of 

\ the form shown in Fig. 19, in which 

\ tlie dotted lino repre- 

I r\ seals tlie moan tom- 

l / I poraturcs. 

-si / « It is obvious if wo 

rv I /\ determine tho ooin- 


plcto temperature distribution the wave-length 
\ can he measured, and thus Hie diffusivity. 
From (lie letter the «iinductivity may he 
obtained, if the heat capacity por unit volume 
is known, 

It is, however, sometimes convenient to 
deduce the conductivity from temperature—■ 
time observations at two points. Tho general 
solution of citlior of tho equations above for 
a simple harmonic oscillation is of tho form 


0 - A sin . 


The values of A and <5 can ho determined 
experimentally for tho two points, and it can 
lio shown that if l is their distance apart 

; t 2 __ 

T(S-fi') log A/A 7 ’ 

If the tomporaturo oscillations are periodic but 
are not simple barmenio vibrations, they can 
be resolved into a number of terms of tho form 

0=A o -|-A[ sin (w/ + 3,) -|-Ag sin {2ul -l-5 a ) 

+A, sin (3w< -|-5 n )-|- . . . 

whom oi —-ir/T, 


Again, taking two points, each pair of tho 
terms of the above expression loads to an 
independent value of A 2 , 

h%— _ ileE _ 

t<«„ ~ 3,/) log A I,/A ,/ 

In prnotico these series may be limited to 
tho first three or four terms as the ooeflioionts 
A„, A,, A;,, etc., rapidly diminish. 

In Angstrom’s experiments a wimll section 
of a bar was enclosed and was submitted 
alt ornately to heating and cooling by steam 
and cold water respectively. Tho periods of 
heating and cooling were 12 minntoH each, 
and when they had been ecmliiuiod for seine 
time, the temperatures at each point of the bar 
became steadily periodic. Mercury thermo¬ 
meters were let into tho bar at intervals of 
fi cm. for lemporaluro readings, 

Angstrom used for his first experiments 
bars f>7 cm. long and of 24 cm. square 
section, while for sumo subsequent experiments 
he used a bar JIH cm. long and 8d> cm. 
thick. IIis values for Hie conductivity of 
copper and iron at fit) 0 0. wore 



first 



Experiments. 

Experiments. 

Copper. 

•010 

•082 (1- 0'(1015211) 

Iron . . 

•100 

•100 (1 — 0-002 


Tho values obtained in the second experi¬ 
ments are much higher Mian tlmso now 
iiucoptcd. Tho negative sign of tho ooeflioienb 
is confirmed h,y the work of Jaeger and 
Diesselhorst and of Lees though the magni¬ 
tudes are different. 

(Jallendar 1 has applied Angstrfiin’n method 
to tho apparatus illustrated in Fig. Id. I la 
varied tho pressure of the steam in the healer 
so us to produce approximately simple har¬ 
monic oscillations, using periods of (10, DO, and 
120 minutes, (-‘alloiidar found u value for 
east iron at fid 0 0. of 0-1 Id! (1 - O-UOOOM), 
which is in close agreement with modern 
values obtained by other methods, 

Thorn is no doubt that Angstrom’s method 
gives satisfactory results if due precautions 
are taken. It involves, however, the taking 
of large numbers of observations and their 
analysis may be very laborious. 

( b ) King .—A method resembling that of 
Angstrom is due to King. 2 11 is apparatus is 
shown dingrammutieully in Fig. 20. A in a 
wire whoso conductivity is to be determined 
mid which is 2-fi mm. in diameter and about 
■10 cm. long. One end of tho wire projects 
into a heating coil H through winch Hows a 
periodic current following a sine law. At 

’ lincy. Jirit., J ltli edition, “Conduction of Hunt." 

3 rhys. lift'., 1015, vl. .107. 
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two points of tlio wire arc attached the 
thermocouples T, T, each connected In n short 
period galvanometer. In each thermocouple 
circuit is a counter KM.!’, which can be 
adjusted to balance the thermocouple 1S.M.P. 

at its moan value. The lag between 
tho movements of the two galvano- 



fS’ 

' I rvf 


WO Volts 


])’!«. 20. 


motors gives tho velocity of propagation of tho 
waves. If experiments are made with tiie 
waves of two periods /, and t., and tho velo¬ 
cities nra found to ho and v 2 , then it can 
ho shown that the dill'iisivity h 2 is given by 


I'z Ja'WK / W.E** 1 ). 

4ir V / 2 a w s fl - Ifvf 

King carried out experiments with waves 
of porioils of 2 minutes and 5 minutes 
respectively, and ho found values for Hie 
conductivity of copper and tin which are in 
close agreement with those of .Jaeger and 


Diossolhorst. 

§ ((>) iSm.ms: Chystau.inm and Ai.no- 
Tlioi’ld.—In considering the various classes of 


solids which have been referred to above, it bus 
boon assumed that they have been symmetrical 
as regards the conductivity of heat. Horne 
substances, however, owing to peculiarities of 
structure, give different values of conductivity 
in different directions. Thus Tyndall 1 found 
that, in tho ease of wood, the conductivity 
was highest along the llbro and lowest in the 
direction perpendicular to the libro and tho 
ligneous layers. As giving some idea of the 
magnitude of the difference some of his values 
am ipiotcd in the following table. Tiro ligurcs 
am only comparative: 


Nan in 
of Weed. 

L'unilUil 

lo 

Fibre. 

I'm iioml limlar 
to Fibre 
ami I’niiillisl 
to 1 .igneous 
Layers. 

l’or|s>iMlleiil(ir 
Lo Fibre mid 
Ligneous 
Layers, 

Oak . . 

34 

lift 

i)-r> 

Uncoil . 

33 

I (PR 

8-8 

Hoxwooil . 

ill 

12-0 

04) 

Asli 

27 

n-r. 

!>-fi 

Apple-true 

2(1 

12-5 

104) 

Hootch fir . 

22 

124) 

104) 


.Similarly in the case of laminated rooks, 
such as slates and schists, .Tan net tux 2 has 
shown that tho conductivity is highest parallel 
to the cleavage. 

Whore such substances can be obtained in 


sufficient bulk their conductivities cun lie, 
determined by one of the methods already 
described. In the case of small objects, 
however, such as crystals, which often show 
a mnrkcd asymmetry of heat How, different 
methods have to be adopted. 

(i.) Bn Sent t run wt .—Tho first to make a 
comprehensive, study of crystalline conduction 
was do iSonarinont.® His method consisted in 
coating a thin plate cut from a crystal with 
a film of while wax mid applying heat at a 
point near tho centre. As the plate becomes 
warm the wax melted round the point and the 
inequalities in conduction in different direc¬ 
tions wore indicated by tho shape of the 
hounding lino of molted wax. Tho curve in 
tho case of an isotropic substance, such ns 
glass or crystals of the cubic system, was 
always circular. In tho rliomhohedral system, 
with one axis of symmetry, the plates cut 
perpendicular to the axis gave circles while 
any section parallel to the axis gave an 
ellipse. This is illustrated in Fig. 21, which 
gives tho curves 
for a quart/, 
crystal out per¬ 
pendicular and 
parallel to tho Ido. 21. 

main axis. Hern 

tho isothermal surface due to a point source 
in tho crystal would ho au ellipsoid of re¬ 
volution about the main axis. The rule was 
found to lie general Hint the thermic and 
crystallographic axes coincided. 

In do Sciiivrmont’H experiments the boat 
was supplied by a wire or tube lilting a hole 
bored in tho plain of crystal, or the sun's rays 
were concetti rated on n point by moans of u 
lens. Tho values obtained wore comparative, 
a oirclo indicating that the conductivity was 
the same in all directions, while for an ellipse 
it could ho shown that conductivities along 
tho axes worn proportional to tho square of 
their lengths. 

(ii.) Jjccs .—A method of determining the 
absolute values of thermal conductivities of 
crystals was suggested by Lodge 1 ami curried 
mit by Ijccs. 1b A thin slice of tho crystal was 
placed in contact with the ends of two bars of 
metal with their lengths in tho same straight 
line, thus forming n composite liar. Brass was 
chosen lmontiso it readily amalgamates with 
mercury, and the amalgamated surfaces were 
found to give extremely good thermal coni act 
with the crystal. Tho bar was packed in 
sawdust, anti ono end was heated by steam 
and tho other immersed in cold water. Tho 
toinpomturo distribution was obtained by a 
series of thermocouples attached to the liar, 
and from this the temperatures iff tho two 



0 Ann. tic. Chi in. cl tic. 1‘hiin., 1847-48, xsl.-xxlii. 
4 mi. Mild; 1878, v. 110 
* Phil, Trans., 1802, clxxxlll. 


481. 


1 Phil. Man. 4th series, v. anil vl, 
a Journ. tic Phi/s. v. ICO. 
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faces of tho crystal plate could lie deduced 
aft cl' making a small correction for the layer 
of mercury as determined in a separate 
experiment. The amount of heat passing 
along the Imr and through the crystal was 
calculated from a knowledge of tho absolute 
conductivity of the brass, which was obtained 
by an improved Forbes method. 

Lees found that for quart/, the conductivity 
parallel to the optic axis was 0-0290 and 
perpendicular to the axis 0-0158. 

§ (7) Liquids (IC=0-0003 to O-OOlSJ.-Tho 
problem of determining tho conductivity of 
a liquid is complicated by tho caso with 
which convection currents are set up in any 
mass of fluid with a temperature gradient 
through it. Thus if the liquid at any point 
is at u higher temperature than the surrounding 
liquid, it will have a lower density, owing to 
its expansion with temperature, and will, if 
below’ the surface, tend to rise. Should tho 
temperature difference he maintained at. tho 
particular point, a continuous current will l»o 
established. Tho laws governing such convec¬ 
tion currents are vory complicated, and tho 
heat conveyed by them is often largo ns 
compared with tho amount passing through 
the liquid by pure conduction or diffusion. 
In attempting, therefore, to determine tho 
conductivity of tho liquid tho plan is commonly 
adopted of eliminating convection. This may 
bo accomplished by taking a column of 
liquid, supplying heat at a horizontal mirfuoo 
at tho top of tho liquid, and abstracting heat 
at a horizontal surfaco at tho bottom of tho 
liquid ; or by taking a film of -liquid so thin 
that, independent of its orientation, tho 
transfer of heat by convection is negligible. 
An alternative motliod is to regulate tho 
heat loss by convention so that it takes placo 
under well-defined and mensurable conditions. 
Thus, when a liquid is made to flow with 
streamline motion through a heated tube, 
a relation can ho established botweon tho heat 
curried off by this forced convention, and tho 
temperature gradients and conductivity in 
tho liquid. Examples of methods applying 
these principles are described bnlow. 

(i.) Column Method. («) Bmjcl .—Tho ap¬ 
paratus used by Borgot for determining tho 
conductivity of a column of inoroury sur¬ 
rounded by a guard-ring has already been 
described in § (5) (ii.) (/>). It will bo noted 
that tho boat is hero supplied at tho top of 
tho liquid, and flows down through tho liquid 
to the bottom, which is cooled. 

(b) It. Weber 1 has used a similar method, 
supplying tho heat to tho top of a column of 
liquid from a vessel kept at a certain tempera¬ 
ture by oil electrically heated, while tho 
bottom of tho column was cooled by a hori¬ 
zontal copper plate standing in ico. Tho 
1 Xhh. tier Phi/s„ 1003, xl. 1017. 


temperature difference was taken at two points, 
L cm. apart, by means of copper-const unlim 
couples, His values are included in Table IV. 

(c) Chree 3 experimented with liquids heated 
on tho surfaco, and determined the dillusivity 
by observations of tho variable stale. .1 lo 
took a cylindrical container 19 cm. in diameter 
into which liquid was poured to a depth of 
5-2 cm. A flat-bottomed dish, 15 cm. in 
diameter, rested on the surface of tho liquid, 
while a fine platinum wire (Hi cm. long was 
adjusted in a horizontal position 2-tl cm. 
below the surface. This wire, to which were 
attached ooppor leads, served as a resistance 
thermometer. Hot water was poured into 
tho dish, ami the rote at which the heat passed 
through the dish into the liquid bnlow could 
be obtained from observations of the fall in 
temperature of the water in the dish after 
making a correction, obtained by an inde¬ 
pendent experiment, of the heat lost from 
tho surface of the water. The temperature 
of the water was initially about 75°(!., and 
immediately after it had boon poured into tho 
dish, a temperature rise was indicated by the 
platinum thermometer, which then remuinlal 
stationary for several minutes. After tills 
poriod tho thermometer began to vino rapidly, 
and continued to rise at a decreasing rate 
towards its maximum, which was not reuuhcd 
for several hours, (Ihreo touk temperature 
timo observations, and obtained the point 
at which the temperature rise was at a 
maximum rate, generally about ton minutes 
after the start, 

Theory shows that if it were possible 
suddenly to apply a quantity of heat to tho 
surface of the liquid, the time of maximum 
rise would ho given by 

<=0*0017*]^, 

x being tho distance of tho point lie-low the 
surface, and p, c, and K being the density, 
specific heat, and conductivity of (lie liquid, 
The conditions of tho actual experiments were 
different In that the heat was applied at a 
decreasing rate for an appreciable time, and 
Chico gives tho mathematical expressions 
applicable to this case. It is interesting to 
note that in some experiments the water 
was allowed to remain in tho dish for the 
duration of the experiment, while in others 
it was syphoned off shortly after pouring into 
tho dish. Tho results obtained give a vory 
fair agreement, and confirm the cor reel ness 
of Clireo’s formula, 

Tho value for tho conductivity of water is 
supported by the more recent determinations 
by other methods. 

(ii.) Film Method.—(a) Lees !l measured the 

3 Proc. non. Sue., 1888, xllll. 30, 

3 Phil, Trans, lion. Soe., 1808, exet. -118. 
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experiment was made to determine it having 
air instead of liquid between AJ and L. The 
heat flowing through the liquid was then 
obtained, and this with tho difference in 
temperature between M and L gave tho 
conductivity of the liquid. 

The film of liquid was horizontal in tho 
experiments, and tho heating was front the 
top surface so that convention was eliminated. 
It is interesting to noto that when tho 
apparatus was tilted through 15° the apparent 
conductivity only inorcasod 1 per cent. 

Lees determined tho conductivity of water, 
glycerine, ethyl alcohol, and methyl alcohol, 
and his values are in close agreement with 
those of Wohor. 

Lees also investigated the conductivity of 
mixtures of water with varying amounts of 
glycerine, inotliyl alcohol, ethyl alcohol, acetic 
acid, sugar, and attempted to connect the 
conductivity of the mixture with that of tho 
constituents. Plotting percentage composition 
by weight against conductivity ho found that 
no gonoral law could he deduced. If, however, 
percentages of volumo wero taken, similar 
curves wore obtained which gave a conductivity 
somewhat less than that given by a linear 

formula. T _ 

K 1 r 1 + K 2 n a 


IC = ' 


jq+r-2 


Tlio value was also greater than that calculated 
assuming a linear formula of resistivity (i.c. 
reciprocal of conductivity). Tho latter for¬ 
mula is, however, closer to the experimental 
results than that based on a linear law of 
conductivity. Lees then obtained a closer 
approximation for tho resistivity formula 
bused on the probable distribution of tho 
moleoulcs of tho two substances. From tho 
agreement with experiment ho deduces that 
tho thermal conductivity of n substance is 
not greatly modified when it enters ns one 
constituent into a physical mixture, aiul that 
tim conductivity of tho mixture depends 
directly on tho amounts and conductivities 
of its constituents, He also experimented 
with mixtures of lard with varying amounts 
of finely divided iron, marble, zinc sulphate, 
and sugar, and found that the same 
conclusions hold. 

Lccs made further use of tho apparatus 
described above to investigate any change of 
conductivity on molting. Ho found that in 
the ensos of the substances Jiaphthylnimuo, 
p&ratoluideno, mid sodium hydrogen phosphate 
(Na a Hl?0 4 + 12H 2 0) there was no discontin¬ 
uity at tlio molting-point, and that tho con¬ 
ductivity dcoreasod with rise of temperature 
both in tho solid and liquid slate. A decrease 
of 20 per cent in conductivity was found in the 
case of calcium chloride (OaOI 3 -I- OIT a O) at the 
melting-point, but owing to its affinity for 
water tho results wero not so reliable ns for 


the other substances. It is ini eroding to 
noto that Burns 1 found a decrease of I ft per 
cent in the case of thymol at the melt ing-point 
(12-5° C.). 

(/>) Goldschmidt 8 adapted tho “hot-wiro” 
method as iiho.iI for gases (see S (N) (>>•) below). 
Tho. liquid was contained in a lube only 2 mm. 
in diameter, mid it is slated that convection 
was eliminated. 

(iii.) Flow Methods.—T im first observer to 
use n flow method for measuring the conduc¬ 
tivity of a liquid appears to have been Uraot/., a 
but bis method is not described here, as those 
of Callondar and of Nottlelou seem to lie pre¬ 
ferable. 

(n) Ctdlcudiir:' —Consular a long metal tube- 
heated electrically and with a continuous 
stream of liquid passing through it. .Let K 
bo the conductivity of the liquid, c the specific 
heat por unit volume, w tho velocity, mid t) 
the lomporatoro at a distance r from the axis 
of tho tube, and let a: bo tho distance measured 
along the tube. Then, assuming that tho 
flow of the liquid is linear ami neglecting 
tho minute effect of longitudinal conduction, 
it is obvious that the heat carried nil' by the 
liquid flowing through any thin ring in a cross-, 
section of (lie tube will lie equal to the differ* 
cnco between the. heat passing into and out of 
tho ring by conduction. This gives the equation 



Tho solution of this equation will bo much 
simplified if wo can assume Mmt tlm longi¬ 
tudinal gradient dOjdx is constant over tho 
oross-seefion of the tube at any point and is 
equal to ll'jl, where II' is tlm rise of temperature 
observed in a length l. This will not bo true 
near the inflow end of the tube, where the radial 
distribution of temperature is rapidly changing, 
hut it will very fairly represent (lie limiting 
state, which is attained when the liquid lias 
flowed along tho tube for some distance. 

Further, I ho quantity win the equation above 
is a function of r and of the viscosity which 
oim bo taken us constant for the small tempera- 
turn changes met with in the experiment, 
Tho velocity at any point is then given by 


v~2V 




where V is tho mean velocity, Q the flow in 
e.o. por second, nud r„ tho internal radius of 
tho tube. 

Substituting and integrating from the tem¬ 
perature 0 a of tho surface of tho tube, wo find 


0 a -0 = 


Q O' f r» _ >•«> 
2jrHC\4rri“ r n * 



' Sill. Jnurn. (3), 181)2, xllv, 1, 

1 Phi/s. Zell sell., 1011, xil. -117, 

’ Wied. Ann., 1883, .will, 711. 

* Phil. Trans, lion, Hoc., 1002, cxclx. 110. 
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TIkj temperature 0 X nt the axis of the lubo 
where r a in given i>y 

„ ‘M}0' 

°° 0l ~tarlK' 

Tho mean temperature 0 m of the flow, allowing 
for variation of velocity over the cross-section, 
is given by 1 | (){)' 


0 o ~0, 


•JHtt/K 


For the purposes of Ilia ox penmen t, Callcndav 
took a platinum tube through which a current 
was punned. By measuring the resistance of 
consecutive suctions of the tube, ho was able 
to obtain the value of the gradient O'/I, as 
well as the value of ll 0 at any section. 0 0 
appears to have been measured at the end of 
the platinum tube, and the value of 0 m , or the 
mean temperature of the cross-section of flow 
at that point, was obtained by ensuring good 
mixing of tlm liquid us it left the platinum 
tube, its temperature hoing taken by means 
of a platinum thermometer. These quantities, 
together with the measurement of tim rate of 
flow, gave the conductivity. 

The device used by Callumlnr for obtaining 
a constant rise of temperature along flic 
platinum tube is noteworthy. Tims, if R„ 
is the resistance per cm. of the platinum tuho 
at the initial temperature, a its temperature 
coefficient of resistance, and if 10 is the cmis- 
sivity of the tuho, p its perimeter, A its cross- 
section, ami Q is the rate of flow of liquid, 
then we liavo 

(m 0 (l+aO)~QA^-\KpO. 


If now (J a ll n tt is made equal to I0p, tho 
gradient dO/th: will be constant. By choosing 
suitahle dimensions for tho diameter ami Avail 
thickness of the platinum tube it is possible 
to secure the above condition. 

Callendar does not give the full experimental 
details, hut the method scorns very promising. 
It possesses advantages over tho film method in 
that it avoids the dillleulty of measuring accur¬ 
ately tho thickness of the film, mid requires 
no correction for radiation through Ihe liquid, 
sinco all the heat lost by the inner surface of 
the tube must be absorbed by the liquid itself. 

(/>) NcMlelon .—An ingenious Hew method for 
determining the conductivity of mercury is 
due to Nottloton. A slow stream of mercury 
is forced up a vertical glass tube, of which tho 
top is steam-jacketed, the bottom cooled in 
ice, and the middle portion surrounded by 
a constant tomporatuvo enclosure. At ono 
point tho tomporaturc of tho column of mercury 
will be the sumo as that of the enclosure, Avhioh 
is taken as tho zero of reference. If now 0 t and 
0 2 are the temperatures at distances L/2 above 
and below this point, it oan bo shown that 


Ulfib 



s being the specific heat of mercury, m the 
nu in her of grammes passing any section in a 
second, and' A tho cross-sectional area of the 
tube, From the above equation tho con¬ 
ductivity is easily obtained. 

For full particulars of the method, reference 
must he made to Nettlolon’s original papers. 1 

§ (8) O.ASns (K =0-000015 to ()-0003fi} ; —■ 
As in the case of liquids, tho determination 
of the conductivity of a gas is complicated by 
convection and radiation effects. The attempt 
is generally made to eliminate tho former and 
apply a correction for the latter. A number 
of observers have investigated the problem, 
and their methods fall into three classes, viz. 
the cooling thermometer method, the hot¬ 
wire method, and tho film method. 

(i.) Coaling Thermometer Method, JCundt 
and Warburg .-—Those observers investigated 
tho rate of cooling of a thermometer, tho hull) 
of which was in an enclosure filled with tho 
gas under experiment. Thoy found that for 
air tho rate of cooling remained constant for 
pressures between 150 mm. and 1 mm., and 
for hydrogen, between 150 mm. and 1) mm. 
It was therefore concluded that within Lhcso 
limits the action of convection currents was 
negligible, and that the heat loss took place 
by conduction through the gas and by radia¬ 
tion, after allowing u dun correction for tho 
conduction along tho thermometer stem, To 
determine the radiation loss, the enclosure 
wa» exhausted as completely ns possible, and 
the rate of cooling avuh then found to be 
independent of the shape of the enclosure. 
This showed that the ofi'eot of conduction 
through any residual gas Avns negligible. 
The radiation hoing thus known, tho cooling 
duo to conduction avuh obtained by difference. 
If tho thermal capacity of the thurmomotor 
is measured, the absolute value of the con¬ 
ductivity of tho gas could lie deduced. 

Kumlt and Warburg found that tho con¬ 
ductivity of hydrogen Avas seven times that 
of air, AA’Iiich was in accordance with Maxwell’s 
prediction. Their Auduo for nil' at 0 ° 0 . aa'uh 
0*000041)2. 

Stefan 3 adopted a similar method, taking 
tAVo coaxial cylinders of thin copper Avith tho 
gas to ho tested IwtAveon them. Tho inner 
cylinder served ns an air thermometer, its 
tube passing through tho outer cylinder and 
dipping into a vessel of water. Observing 
tho ralo of cooling of tho thermometer, Stefan 
obtained tho value for K 0 of 0-00005-1!i for 
tho conductivity of air. 

A valuo very close to this Avas obtained by 
Winlcohnann, 4 aa'Iio experimented with spliores 
and oylindors on tho sumo lines as Stefan. 


1 Phil. Mag., lfliO, xlx. 687; Proc. Phys. Hoc., 1010, 
xxll., and IH13, xxv. 28, , 

5 Pogg. Ann,, 1875, otvi. 177. 

3 Journ. de Pln/s., 1873. 11, 147. 

4 Pogg. Ann., 1874, cllil. 407. 
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(ii.) Hoi- wire Method. Sildcierntticher .— 
Originally duo to And rows, this method w an 
used by Sohlciorinnehcr 1 for measuring the 
absolute conductivity of a gas. Ah electrically 
heated wire is surrounded by a coaxial cylinder 
containing the gas under experiment. The 
procedure is very similar to that explained 
above, except tha t the wire is kept at a constant 
temperature, and the rate of energy dissipation 
is measured. As before, the vessel is exhausted 
no as to obtain the radiation loss and the one! 
corrections. 

The hot-wire method has been adopted by 
a number of observers, and soino of their 
values for the conductivity of air at 0° 0. are 
given below: 


ftohlciciinaolior 
fiebwarzo 
Stafford 
S. Weber . 


. 0-00(>06fi2 
. 0*0000600 
. (MI000 M7 
. 0-00006(18 


The latest exponent was Wobor. 9 Ho used 
a glass tubo about 2-5 cm. ill diameter with 
a platinum wire 12 cm. long stretched down 
the axis. Tlio tomporatiirc of tho wire varied 
from 7° to 25® C. abovo tho surroundings. 
Particular attention was paid to tho question 
of convection by studying tho boat loss from 
the wire in tho horizontal and vortical positions, 
and for pressures from atmospheric down to 
a few millimetres. Tho end effect was dolor- 
mined by experimenting with two vessels 
similar in all rospeota except their length. 
For full particulars of tho various corrections, 
reference should lie made to the original paper. 

(iii.) Film Methods. — As in tho caso of 
liquids, a thin horizontal film, with tho uppor 
surface kept at a higher temperature than tho 
lower,, lias been used to eliminate convection. 

(a) Todd .—Acting on n suggestion made by 
Poynting, Todd 3 adopted the film method. 
Tho heat transfer across the film being by 
conduction and radiation and tho latter being 
independent of tho thickness, it was possible, 
by experimenting on layers of different thick¬ 
nesses, to eliminate tho radiation loss. 

Tho apparatus consisted of a plate 20 om. 
in diameter, healed by steam in its top surfaeo. 
Tho film of air was contained botwoon this 
plate and a similar plate, which formed tiio 
top of a (low calorimeter. Tho air film was 
isolated from tho surrounding air by n dqublo- 
wallcd cylinder of paper, which fitted the two 
discs closely. Tho heat reaching tho cold 
pinto was obtained from tho flow calorimotor 
in tho usual way, while tho tomporatures of 
the steam and water in contact with tho plates 
was measured, An appropriate oorreotion 
was made for the difference in tompomturo. 
between the steam and water and tho respec¬ 
tive plates. Todd experimented on films from 

* IPfetf. Aim.. 1888, xxxlv. 023. 

1 Ann. derPhys., 1017,'llv. 326. 

3 Pm. Hoy. Soc., 1000, Ixxxlli. 10. 


1 mm. to fi mm. in thickness, and obtained a 
value for the conductivity of air at no" (!. of 
(M)000f>7, which is equivalent to (MM)Olf-11)5 
at 0° C. 

It would perhaps have, been bettor if it 
had been possible to provide tin; calorimeter 
with fi guard-ring and improve its thermal 
insulation. 

(6) Ile.rcns and Lain /.' 1 —These ox peril mm tors 
also made use of a film of gas healed on its 
upper surface. The arrangement of tho appa¬ 
ratus is shown diagrammnlienlly in A'/;/. 22. 
B is a hot plate surrounded by ft guard- 
ring D. 0 is a waler-ennled plate. Tho 
function of tho plate A is to prevent any 
heat loss from the upper surface of B, so that 
all tiio heat gonorated in It would pass through 
the air film to 0. For this purpose, A was 
maintained at tho same temperature ns B. 

All tho plates wore of copper. A, B, and 
D caoii consisted of two sheets of copper 
clamped togollior, and enclosing a healing 
coil of mnnganiti and soino thermocouple 
wires. Tho latter consisted of silk-covered 


Ebonllt~ 


Stall 

Barn- 


Cotton Wool. 


IVooS 






..'13 

nr 




IVdtur 
Fill. 23 . 


oonstiuitan, whioli was let into grooves in the 
plates and insulated by a wax of high melting- 
point. The constant-nil wires formed couples 
with the coppor plates and return copper leads. 
Tho plain B was supported from .1) by 1.1 tree 
I-shaped ivory buttons. 'The surfaces of B 
and (.!, whioli faced each other, were ground 
true and silver-plated, and extraordinary 
care was taken to obtain tiio mean distance 
botwoon tho plates of careful contouring, 
Tho apparatus was made air-tight by a ring 
of stout rubber clamped to A and 0 by steel 
tapes. 

'Tho plates wore hold together near tho 
outer edgo by three bolts passing through glass 
distance pieces. 

When making an experiment tiio tempera¬ 
tures of the plates A, B, and 1) wore adjusted to 
bo approximately equal, corrections being made 
for tho heat transference duo to small differ¬ 
ences of temperature, The plain A was always 
kept slightly hotter limn B, so as to avoid any 
possibility of convection currents. The radia¬ 
tion correction was determined by Independent 
experiments on a silvered Dewar flnslc. It 
would have boon preferable if it hud been 
possible to determine it on the apparatus 
itself, but the point is not of importance, 

* Proc. Hoy. Soo„ 1018, xcv. 100. 
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nincH) tl 10 correction amounted iu Ions than 
5 pur cent. 

The thiekuoss nf the air-film used was fi-28 
mm,, and them was a difference of tcmpemtui'c 
of 20° V: between the plates. The conductivity 
of air at 0° C. was found to he 0'0(J00540. 

§ (11) D iso us, sj on ok iMkthoo.s.— It will ho 
realised from the experiments which have been 
doHorihod above that thermal conductivity is 
among the more difficult of the physical con¬ 
stants to measure with any degree of precision. 
When compared, for example, with electrical 
conductivity, it is noticed that there is nothing 
corresponding to an “ insulator,” in tho 
electrical sense, which would enable tho heat 
How to be easily directed into any desired 
channel; while tho almost instantaneous 
equilibrium established in an electrical system 
finds no thermal counterpart. .Nevertheless, 
tho divergencies in tho values obtained by 
different oxporimontora for the same material 
nro often rather surprising. .Such divergencies, 
which aro not infrequently of the order of 
20 por cont, could probably be minimised 
by tho observance of duo precautions. An 
attempt is made below to sot out somo of the 
more obvious of tlieso. 

As has boon already shown, the determina¬ 
tion of absolute conductivity involves tho 
measurement of three quantities, viz. the 
onorgy supplied to or passing through a body, 
the temperature) distribution, and the dimen¬ 
sions of tho body, 

(i.) Jincrgi / jlfcuxure.nioil .—Dealing first with 
tho measurement of onorgy, tho advantages 
of otootrioal supply are obvious. It is ap¬ 
plicable over a wide range of tompoiutnre, 
it is easy to distribute uniformly, and it 
presents few difficulties of measurement. 
Further, the conversion from electrical to 
thornml units oau now be accomplished with 
considerable precision, in view of the sub¬ 
stantial agreement ns to tho valuo of tho 
mcolmnionl equivalent of heat. 

AVhou an enclosure of any size is to bo heated 
oloutrically, it is convenient to blow air over 
a bare resistor element, as was done by Lamb 
and Wilson, while bailie plates can 1jo used 
with advantnge for the purpose of shielding 
the walls from radiation and of directing tho 
air flew. When a flat floater is required, care 
should ho taken to secure uniform winding 
of tho resistor, which should ho damped 
between metal plates, bo as to give a flat 
surface and to reduce inequalities of tempera¬ 
ture distribution. For this laLtor purpose 
thick plates of copper or aluminium are useful, 
owing to thoir high conductivity. If tho hot 
plato is surrounded by a guard-ring, tlioro 
should bo no metallic contact between tho 
two, and tho guard-ring floater should ho 
capable of indopondent adjustment. Except 
in tho oaso of short resistor olomonts, such ns 


those of Niven and Poole, the escape of beat 
by conduction along tho leads is not important, 
but if any correction is to be applied, reference 
may lie made to tho method of Lees. 

When the body itself is used ns a resistor, 
as with the so-called “ electrical methods” 
applicable to metals, tho heavy currents and 
small potential drops make tho energy measure¬ 
ment more difficult {see, for example, Angcll’s 
method). It is sometimes desirable to use 
alternating current to avoid Peltier effects, 
and the Thomson effect has also to bo con¬ 
sidered. 

An alternative to measuring the electrical 
energy supplied is to determine the heat 
passing out of the body. This can bn done by 
tho usual devices of calorimetry, such ns 
measuring the ice melted or the water evapo¬ 
rated in u certain timo, or, more satisfactorily, 
by means of a flow calorimeter. Examples of 
tho last-mentioned are seen in Figs. 11 and 
14. Several important precautions have to 
bo observed with this instrument. Tho tank 
for supplying wator should bo kept nt a 
constant level and temperature. At the inflow 
or outflow points, where tho temperatures nro 
taken, provision should be made for securing 
thorough mixing of the water so that the 
mean temperature of the stream may bo 
recorded in each ease. This can bo done 
conveniently by means of baffles or plugs of 
wire gauzo inserted in the flow tubes. A 
metallic pipe, preferably of copper, should bo 
used for conveying the stream inside the 
calorimeter, but, both at the inflow and 
outflow, there should be a break in the pipe 
so as to provont conduction losses along tim 
motftl. .For this purpose niblior or ebonite 
connecting pieces can bo used. Tho riso in 
loinporaturo between lbo inflow and outflow 
can bo measured best by a differential 
arrangement of resistance thermometers or a 
series of thermocouples. 

(ii.) Temperature Mmhnamenl.—Om of tho 
main difficulties mot with in conductivity 
oxperimonts is tho measurement of surface 
tompemturca. Attention lias already boon 
drawn to the point in tho case of metallic 
surfaces in contact with well-stirred liquids, 
and it lias been shown that enormous errors 
may occur through assuming that tho tempera¬ 
ture of tho metal surface is that of the mass of 
tho liquid. Similarly in the ease of two solid 
surfaces which are nominally in contact, there 
will often ho a Bluirp tempemture discontinuity 
duo to the interposition of air gaps. The 
fact is not of great importances whore tho 
conductivity of tho solid, whoso surface 
tompornture is desired, is at all comparable 
with that of air. Thus, in tho case of insulat¬ 
ing materials, no appreciable error is introduced 
by assuming tho tomporatura of tho inotal 
plato which forms tho boundary of the 
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material is that of the? surface of the material 
itself. More cure must, however, ho taken 
in the ease of materials of medium conduc¬ 
tivity. Jly using small specimens with good 
surfaces and improving the thermal contact 
with n glycerine or mercury film, Lees suc¬ 
ceeded in surmounting the diflioiilfcy, hut if 
such methods arc impracticable it is better 
to abandon the attempt, to determine surface 
temperature and measure the tomperatnro of 
isothermal planes within the material. This 
procedure was adopted by a number of 
experimenters, e.g. Nussolt, Niven, Poole, 
and DougiH, Hodsnmn, and Cobb. Coming to 
motals, the method of Hull for measuring sur¬ 
face temperatures lias much to commend it. At 
liighor temperatures, where surface ornissivity 
becomes an important factor, the device of 
Angell is interesting and appears to have been 
successful. However, the dillicullics of deter¬ 
mining the Hiirfaoo temperature of a metal by 
any contact method nro so great that, whorevor 
possible, the tomporaturo should ho measured 
at isothermal surfaces within the metal, which 
will generally ho in tlio form of n bar. 

Another important point affecting tompora¬ 
turo measurements is to ensure that the 
thermal equilibrium has linen reached before 
tlio final readings are taken. With materials 
of high dill'usivity, such an metals, equilibrium 
is quickly established, but tlio process is very 
slow in tlio case of insulating materials. If 
tho initial tomporaturo of tlio material is 
known, its approximate diffusivity, and tlio 
boundary temperatures to which it is to ho 
subjected, it is possible to estimate tho time 
required for equilibrium. A cmlonlalion of 
this kind bus boon given by Niven for a 
cylinder of sand healed axially. This pro¬ 
cedure is not to ho generally recommended, ns, 
apart from tlio difficulty of such calculations, 
the data as to tho dilfusivities of insulating 
materials is very meagre owing to tlio fact that 
tho spocilio limit cannot readily lie measured. 

Tlio matter, Imwovor, can ho tested experi¬ 
mentally. Tailing, for example, the ease in 
which the tom porn turo of the hulk of tho 
material has to ho raised, it will ho found that 
a measurement .of tho energy supplied to 
maintain a constant differonoo in temperature 
will givo ail apparent conductivity which will 
decrease as time elapses, gradually approaching 
a steady value corresponding to tho condition 
of equilibrium. 

As an instrument for measuring tomporaturo 
distribution tlio thermocouple is tho most 
generally useful. Whan employing it, care 
should always ho taken to keep tho wires 
loading from the junction in tho isothermal 
piano for an appreciable dislnnco. Otherwise, 
as Nussolt lias shown, very largo errors may 
ocour. 

(iii.) Dimensions and Shape ,—Tho measure- 


mont of dimensions presents few difficulties. 
It is true that when experiments are made 
oil thin films of gas or liquid, considerable 
accuracy is demanded, ami also that in some 
eases there may ho doubt as to tlio precise 
dimension to bo measured, as for instance in 
determining tho uffcclivo area of a hot-plate 
surrounded by a guard-ring, or in deciding the 
distances between two isothermal planes whoso 
temperatures have been taken by thermo¬ 
meters let into holes of appreciable diameter, 
t! one rally speaking, however, dimensional 
quantities are measured more accurately than 
tlio other quantities involved in a conduc¬ 
tivity determination. 

The dimensions should, of course, he appro¬ 
priate to the material to he tested ; thus it is 
advisable with insulating materials to use 
large-scale apparatus so as to avoid errors 
duo to local irregularities of structure or 
packing. The shape is also decided largely 
by tlio same consideration, hut caro should 
ho takon to avoid any shape in which there 
is likely to be a departure from a rectilinear 
heat How, as in suoli eases tlio shape factor 
is extremely difficult to calculate. For this 
reason objection can he taken to the so-called 
“ box method,” adopted by many experi¬ 
menters, by which an attempt is mailo to 
deduce tlio conductivity from tho heat loakago 
into or out of a cubical box surrounded by a 
uniform thickness of tho material. 

§ (10) Discussion or Knsni/rs.—A summary 
of results is given in Tables i. to V. The 
values are mostly those duo to tho observers 
whose methods have boon described above. 
In tho ease of poor and medium conductors 
wide divergencies are noticeable, which no 
doubt are largely due to differences between 
materials nominally tho samo. With motals, 
where tho chemical composition and physical 
condition can be defined more precisely, tho 
differences are loss marked. In fact tho 
agreement between tho values of Lens and of 
Jaeger and Diossolhorst, using entirely different 
methods, is very satisfactory. Tlio experi¬ 
mental difficulties due to convention and radia¬ 
tion, in the ease of liquids and gases, militate 
against extreme accuracy, Tlio individual 
values aro not given for gases, Table V. being 
a summary of tho must probable mean values, 
up to 11)14, prepared by Horens and Lftby. 
It should ho mentioned that the recent deter¬ 
minations of 8. Weber arc higher than those in 
the table by amounts varying up to 14 percent. 

It is interesting to consider the hearing of 
tho results on tho relationship of thermal 
conductivity to other physical properties. 
Homo of the more important relationships nro 
dealt with below. 

(i.) Thermal and Electrical Conductivity of 
Melt ih . 1 —Tho oaso with which electrical 
1 Sco nrtlclo “ Electrons,” 




450 


HEAT, CONDUCTION OF 


conductivity of metals can lie measured lias 
for a long lime directed tho attention of 
physicists to tho possibility of establishing a 
relationship between electrical and thermal 
conductivity, ho that the latlor could he 
indirectly determined. 

Forbes was the first to draw attention to 
the fact that metals can bo arranged in the 
same order ns regards their conducting 
powers for heat and electricity. In 18511 
Wiedemann and Fran/. 1 propounded the law 
that the ratio of the thermal and electrical 
conductivities was the same for nil metals. 
Loren/ 2 oxtended this theory in 1872 by 
suggesting that tho ratio was proportional to 


nicliel, silver, /inn, and copper-—the value of 
Lorenz’s constant K/A'L’ was nearly the same 
over tho range 18° to 100° 0. Tho mean 
value was 2-43 x KH, K being expressed in 
watts/cm. sec. ° (X, 1/X in ohms per o.o,. 3 and 
T being tho absolute temperature. 'J'ho few 
alloys that were tested gave higher values, 
aiul iron and aluminium wero respectively 
higher and lower. Lcca 0 confirmed tho valuo 
of Lorenz's constant down to - 170° C. for 
lead, cadmium, tin ; nickel showed ft slight 
rise, and zinc, silver, copper .showed a falling 
off in value in tho order named. All the 
alloys tested ga-vo increasingly high values 
with fall of temperature. Meissner,* who 
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Tho conHhml / in tho lahlo Ixilow is derived from tho relation K.=»/ijC #t 
■>) lining tho viscosity and C„ liio speoifio host at ounstniib voluiuo. 
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tho absolute tonipomturo. On the develop¬ 
ment of the electron theory Druric, 9 and more 
recently II. A. Jxiront/., 1 applying the kinotio 
theory of gases to tho motion of electrons, 
arrived at tho sumo conclusion as Lorenz. 
Up to 1000, however, tho experimental values 
were too uncertain to allow any definite 
conclusion to he drawn. In that year Jacgor 
and DicHHolhorst r * published tho result of 
thoir investigation, which gavo dircotly tho 
ratio of tho two conductivities for n number 
of metals and alloys. They found that for 
seven pure metals—lead, cadmium, tin, 


1 Ann, dr Ohiniia, 1851, xll. 107. 

* A mi. der Pints., 1872, cxlvil. -120. 

5 Ibhl., .1000. i. 0«n, and ill. 3(10. 

* Proit. Amt. Acad., 1005, v 11. 438. 

* Abh, Phys. Tech. Hatch,, 1000, ill. 200. 


carried tho investigation of copper, gold, 
platinum, and lend down to 20° nhs., agreed 
approximately with Lees, but found a very 
rapid falling off in tho constant us the ahsoluto 
zero was approached. Thus at 20° nbs. ( ho 
value for copper was about one qmirtor of 
tho value found by Jaeger and Diohselburst 
at 290° alls. Tho work of Onnes and Hoist 1 
on the conductivity of moreiiry at r ° 
confirms this rapid di 1 ' " ' 

With regard to to? 
very littlo ev? 1 
using a comp 
ratus similar i 

* Phil. Trin 
7 Proa. A I,'tii 
' Phil. Mag 
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medium conductors (Nig. lit), found that the 
conductivities of tin, load, zinc, and alumi¬ 
nium ate idily decreased towards the melting- 
point, where a sharp drop occurred. Taking 
Tautsnmi’s values for electrical conductivity 
he deduced that Ummz’a law held approxi¬ 
mately np to the raclting-]inints. The changes 
of electrical and thermal conductivity on 
melting wero of the same order, hut Lorenz’s 
Jaw did not hold for tho liquid state. The 
conclusions of Angcll ns to aluminium avo 
widely at variance with those of Konno. 
While both obtained about tho samo vnluo 
fur the conductivity at 100° 0., the latter 
gives a value at (i()0° C. of 0-3(5 and tho 
former gives a value nearly throo times ns 
large. Angelt’s values of Lorenz’s constant 
for nickel as well as aluminium show rapid 
increases with temperature, 

At still higher temperatures Langmuir gives 
a value for Lorenz's constant for tungston of 
8•40 x 10- 8 at IS)00° 0., which means a com¬ 
paratively small temperature coefficient on the 
value below 100° 0. Worthing, however, docs 
not agree with this value. 

The law of Lorenz has thoroforo only been 
shown to hold for a cortain number of pure 
metals over tho range from about -100° (J. 
to 100° 0. nr 200° 0. Below this region it 
definitely fails ; while above, further ovidonco 
will bo necessary before it can bo accepted. 
As regards alloys, those tested by lees and 
by Jtiogor and Diesaollmrat gave higher 
values for Loronz’s constant than the pure 
metals and largo temperature coefficients. 
Furthor, Grunoisen 1 1ms shown that, in tho 
case of coppor and iron, small amounts of 
impurity lower tho electrical far more than the 
thermal conductivity and thus inereaso the 
vnluo of the constant. According, howovor, 
to recent work in Japan 3 bnrcnz’n law is 
obeyed approximately by carbon si eels and 
alloys of iron with nickel, cobalt, and man¬ 
ganese, at ordinary temperatures, and by 
carbon stools up to 000" C. 

(ii.) Conductivity, Elasticity, and Density of 
Non-metals .—Thornton 3 1ms recently put for¬ 
ward a tentative suggestion ns to n relationship 
of tho above-mentioned constants. He shows 
that for such diverse substances as quartz, 
Hint orown and soda glass, graphite, marble, 
mahogany, deal, ice, and paraffin wax, tho 
thermal conductivity is proportional to ISp, 
U being Young’s modulus of elasticity and p 
tho density. His figures for glass have, 
however, been criticised by Clarke. 4 

(iii.) Conductivity, Viscosity, and Specific 
Ileal of Oases .—Many of the deductions ns 
to tho physical properties of gases, based on 
tho kino tin flionn- bow/, keen confirmed by 


experiment in a remarkable way. In Win 
easo of conductivity. Maxwell’s prediction of 
a value for air of O-OIMMMWi is well within the 
range of those found by experiment, the 
mean of which is given by Horens and Lahy r ' 
as (MKI0052, while bis value for hydrogen as 
being seven times that of air has been closely 
confirmed. Another deduction from the 
kinetic theory is that the conductivity of a 
gas is independent of its pressure, and, ns 
mentioned above, this has been found to be 
true, oxeepfc for very low pressures where the 
mean freo path of the molecules becomes 
comparable with the thickness of tho gas 
layor. For these very low pressures Noddy and 
Berry 0 and Knudsen 7 have shown (hat the 
conductivity is nearly proportional to tlm 
pressure. 

Tho important, relation between tlm con¬ 
ductivity K, specific beat at constant volume 
G„, and viscosity i), of a gas is primarily due to 
Maxwell, who showed that, assuming molecules 
arc point centres of force repelling eaoh ether 
according to a fifth power law of distance, 

IC=JCU 

tho vahio of / being 2-5. 

A considerable amount of experimental 
ovidonco is available ns bearing on this 
relation, and a summary of it, due to llerous 
and Lftby, 8 is given in Table V. The vnluo 
of C„ has been very seldom observed, but it 
can bo deduced from determinations of 0„ 
and of tho ratio of <!„ to The viscosity 
can easily bo measured. It will be noticed 
that for monatomic gases the value of / 
agrees approximately with that given by 
Maxwoll. For gases with higher degrees of 
freedom tho value is less than 2-fi, lining in 
tho chso of tho diatomic gases l*7fi. Ho far, 
theory has been unable to account for this 
valuo, though various empirical laws have 
boon propounded by Jeans and others. 

Tho determination of tho conductivity of a 
mixture of gases from that of its constituents 
is sometimes a mallei' of practical importance. 
According to tho kinetic theory it is given by 

k _.?-.i..i.. _!5?.. 

l + A&Wft) l + IHft/A)’ 

K t and 1C 2 being the conductivities, and p, 
and p„ tho partial pressures of tho two gases, 
and A and II being constants tho values of 
which aro 

B=*A, 

where % and ij 2 are tho viscosities, and wj, 

“ Proc. Hoy. ,Sac„ 3018, x«v. 100. 

* I’roc, Hoy. Soc., 10011, lxxxlli. 2G1. 

1 Aim, dcr Phys, t 1013, xxxlv, 003. 

» Ibid. 


b vill.; 1018, vll, 50. 
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and w., tlio masses of the molecules of the 
two gases. 

S. Weber 1 has, however, shown that thoso 
theoretical values of A and B incorrectly give 
the conductivity of the mixture. The relation - 
shij* can he expressed in the form above 
mentioned, but the values of A and B must ho 
determined experimentally for each mixture. 
The table below, quoted from Weber, shows 
the differonoo between the experimental and 
theoretical values : 


For most 


fins Mixture. 

Oxygen, 

Hydrogen. 

Argon, 

Helium. 

Hydrogen, 

(.'nrlion 

Dloxido. 

Nitrogen, 

Argon. 

A theoretical 

2-37 

J-02 

101 

0-8G 

A experimental . 

3-0(1 

0-38 

2-70 

107 

H thoorctionl 

0-92 

MO 

2-fiG 

MO 

U experimental . 

1-38 

2-92 

0-10 

0-06 


The variation in conductivity of a gas with 
temperature lias also been considered in the 
light of tho kinetic theory, according to which 
it should vary as the square root of the abso¬ 
lute temperature. This would give a tempera¬ 
ture oocflicient of 0-0018:1. The ex|)oriinental 
values for air have varied from 0*0013 to 
0-00:10. Recently, however, Euoken 3 has 
shown that for five different gases the ratio 
of tho conductivity to tho viscosity in constant 
for temperatures from - 80° (1. to 100” (J. As 
regards viscosity, a formula due to Sutherland 
has been verified over a wide range of condi¬ 
tions, so that, if Eucken’s work is accepted, 
it can ho applied to conductivity. This would 
givo 

. 273-1-0/ ft \« 

•IV-Ko 0 + C \2W) ' 

For air, taking 0=117, tho temperature 
cooffioiont would be 0-0029. 

II, Am. 10 A.TiuK c»* Tjikoky to Phaotioat. 

PltOJIl.KMH 

As lias already been indicated, tho problems 
arising out of tho flow of heat can ho considered 
unclor two heads, namely, thoso of the steady 
state and those of the variable state. In 
tho former the temperature at each point 
throughout tho body remains constant and 
tho flow of heat depends on tho conductivity; 
while in the latter, wlicro tho temperature is 
varying with time, the thermal capacity per 
unit volume, ns well as the conductivity, 
becomes a determining factor. 

§(11) Svhady State—tiu: Shake Faotoji. 
—If two isothermal surfaces are considered, 
differing in temperature by dO and at an 
infinitely small distance dx apart, it has 

1 Aim, tier l’lw s., 1017, IIv, 181. 

* Phi/s. Xcil ., 1011, Xll. 1101} 1913, Xlv. 32 - 1 . 


already been shown that the rate of heat loss 
is given by 

,, .<10 
If = KA- r . 
dx 

So that for isothermal surfaces which are at a 
finite distance apart wo have 

fkdo 

h=4—. 

JdxjA 

materials tho conductivity IC 
may he taken to he a linear 
function of tho iotnpoialuro, 
urnl hence tho value of f\\d0 
becomes the product of I ho 
eonduotivity for the menu 
tomporatme of tho surfaces 
multiplied by the tomporaturo 
dilforem-e between them. 

Tho quailtity 1 ~f (dx/A ) 
(lopenda entirely on the size 
and shape of the body and the position of 
the surfaces by which the heat enters and 
leaves the body, and has therefore boon called 
by Langmuir, Adams, and Meildo 3 the “ shape 
factor.” The value of the factor for various 
shapes is given below, together with tho 
solution of a few typical problems of heat 
(low. 

(i.) Plane 1 Yuli or Slab .—The shape factor 
iu this ease is obviously the raiio of the 
area A to the thickness ami if the wall is 
homogeneous and of mean conductivity K 
tho rale of heat flow through it is given by 
ICA(ft, - ft 3 )/.r. 

if tho wall is a composite one, being inado 
up »f a number of parallel layers of different 
materials of conductivities KjK a . . . and 
thickness x t x a .... and if Ofa , . . are tho 
tempoi-atures of tho faces of tho sucocssivo 
layout, then 

n (fti ~ ftaK’i ^ (Og ~ OqV'n _ 

“ a?| a'a 

where Q is tho rate of heat flow through a 
unit area of the wall. 

Eliminating tho temperatures intermediate 
botwcon ft, and ft,, wo obtain 

n __(tf.-g.. ) .. 

{aq/A‘i+a' 2 /Avi- • • ■ j 

0 l - ft,, is tho total difforciico of temperature 
through tho wall, so that the composite wall 
of total thickness X is equivalent, to a simple 
wall of this thickness ami of conductivity K, 
such that 

X 

K 


K, 1 K b 1 


The fonnula enables one to oalaulalo the bent 
flow through a composite wall if the con- 

5 Trans. Amer. Elcctrochcm. Sop., 1913, xxiv, 63. 
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d activities ami thicknesses of the components 
are known and the total teniporatnro drop 
through the wall. 

In many practical problems tho surface 
tempera tines of the wall or slab are not 
known ami cannot conveniently bo measured, 
e,(/. a boiler plate heated on one side by hot 
gases and cooled on the other by water; or 
the wall of a dwelling-house or a cold store, 
the two faces of which are exposed to air 
at different temperatures. It is desired to 
calculate the heat transfer from the known 
temperature of tho gas or liquid in contact 
with each face of the wall. The general 
treatment of this problem is beyond tho scope 
of the present article, but it may bo useful 
to give an approximate solution of the enso of 
a wall the faces of which arc exposed to still 
air at temperatures not differing greatly. 

If 0, and 0, are the temperatures of air, and 
Or. and 0 a tho temperatures of tho faces of 
tho wall, then, since tho heat transference 
between a surfaoo of tho wall and tho sur¬ 
rounding air is nearly proportional to difference 
in temperature, 1 

o =m - o a )=no, - o *)= 


where Q is tho rata of heat transfer por unit 
area. 

Eliminating 0 2 and 0 3 wo obtain 


0 - °A~°* , 
' 2/IC-Kr/K 


For air temperatures about that of the 
atmosphore, and.for surfaces which aro piano 
and vertical and are full radiators, tho value 
of E is riHighly 0-0002 calories per sip cm. 
por second per 1° 0. difference of IcmpcrnUiro. 
Tho contributions of radiation and convection 
towards this valuo am of Mio same order of 
magnitude. 

(Some applications of the formula can now 
bo considered. 

(a) If the wall is of thin metal (say, copper), 
x will be a fraction of a centimetre and K will 
bo nearly 1*0 CJ.CJ.S. units. Tho valuo of x/K 
will bo negligible as compared with 2/E, and 
tho heat transference will he governed entirely 
by emission ooeffloient of the wall. If tho 
motnl surface is polished, its powor of absorbing 
or omitting radiation will bo very small, and 
tho value of tho omission ooeffioiont E will 
bo muoli less than that givon abovo. 

(b) If tho wall is of thin papbr of con¬ 
ductivity 0-0003 L'.O.S. units, x/K would still 
ho small ns compared with 2/E ; while, sinco 
paper is a good radiator, E will be much 
greater than for tho polished metal, so that 


■ • ■ ’■'transferred by radiation and convection. 

-(fl,+273)« —1®,+278>*, 
'or small temperature 
■■"'oh approximately 


we havo tho apparent anomaly of a thin-paiier 
wall transmitting more heat than a metal 
wall of the same thickness. 

(c) If tho wall is thick (say 100 mil,), and 
of good insulating material like granulated 
cork (K =0-0001), x/K would be large compared 
with 2/E, and the transmission of bent would 
be governed almost entirely by the con¬ 
ductivity of tho material of the wall and not 
by its omission coefficient. 

(ii.) Cylinder or Cylindrical Shell. — Tho 
shape factor in this ease is 

2t rl . 2-7IU 

log* ( Ufa )' 0 toft,, (/'/«)’ 


wliero a and l> are the internal and external 
diameters and l is the length, which in supposed 
to bo great compared with the diameter, If 
tho temperatures of the internal and external 
surfaces are known, the above formula, enables 
tho beat transmission to be calculated. 

As in tho case of a wall, however, it may 
not bo convenient to determine surface tem¬ 
peratures. Taking as an example a steam- 
pipe covered with insulating material, the inner 
tempnruture of tho lagging may be assumed 
to bo that of tho steam, since there will bo 
no appreciable gradient through the pipe. It 
is desired to calculate the heat loss, knowing 
tho temperature of the surrounding air. Pro- 
cceding in a similar way to that followed in 
the enso of a wall we got 


whore 0 l and 0 3 are the inner and milor 
temperatures of the lagging and 0 a that of 
tho air. Tho elimination of (A, gives 


2 *7(0,-0 a ) 

i ' ((l/K) h>|f«) I (1 /f»E))' 

Tho boat loss from the Imre pipe would he 

Q=2jrtoE(0,—0 2 ). 


It does not follow that tho heat loss from 
tho bare pipe would always be greater 
than that from the covered pipe. If the 
covering were of metal, it is obvious that tho 
reverse would be the case, and even with 
medium conductors it is possible that the 
covered pipe would give tho greater loss. 
Pfielet, 3 who was probably the first to draw 
attention to this point, took the nnso of a 
pipe 12 cm, in diameter and with insulation 
varying in thickness from 1 cm. to 12 cm. If 
the conductivity of tho insulation was 0-OOOI2 
0.0.£5. units, the beat transmission diminished 
with increasing thickness; if the conductivity 
was 0 - 002 , or sixteen times as great, the trans¬ 
mission was approximately constant for all 
thicknesses; and if tho conductivity was 
0-004 tho boat loss increased with tho thick- 


E Tratti <le la chaleur, 1800. 
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ness until at 12 chi. it was greater than that 
for the hi no pipe. 

A full treatment of the .subject 1ms more 
recently been given by Porter. 1 

(iii.) Sphere, or Hphe.rie.nl Shell. —The shape 
factor i.s 2ir (tbj(li-ii), whore a and h are the 
internal and external diameters. The ease of 
lagging surrounding a sphere can be treated 
in the same way as that for a cylinder, hut it 
is not of much practical importance. 

(iv.) liedaiu/ular Priam or liox .—Examples 
of this ease are commonly met with in practice, 
c.rj. a furnace chamber of cubical or rect¬ 
angular shape surrounded by walls of uniform 
thickness. No rigid 
mathematical solution 
has yet been obtained 
for the shape factor, hut 
assuming that, the inner 
and outer surfaces are 
isothermal, Langmuir, 
Adams, and Meikle 3 
have given an npproxi* 



’rlsm showing Row 
Lines mul lsotlierninls 
near a Hijimre edi«! A. 


<)f main formula. 


They take first the 
onsu of a long hollow 
prism of rectangular 
suction and uniform thickness. If A is the area 
of the intorior surfucc mid l the thickness of the 
wall, and if the lines of heat, flow were normal 
to the intorior surface, the shape factor would 
bo A//.. The lines of heat How will, however, be 
normal only for the central portion of each 
face. Towards the edges they lend to become 
radial, though they are net rectilinear. This 
in illustrated in Fig. 24, which shews the lines 
of heat flow and Iho 
isothermala for a por¬ 
tion of the Mention of 
the prism. Tim edge 
will tend to increase 
the shape factor, and 
the amount by which 
the factor is made to 



Kid, 25,—-Cubical flex. 
Inner surface shaded, 


exceed A//, may lie re- 
AO and m> 1 ,, si|iiiue :: guided ns the shape 
cdijcs. A, H, 0, P, factor of the edge itself. 
f 1 Kijluu'O rnrnt'lH. M . f * 

By a HoriCH in uppmxt- 

mations the shape factor of tiie edge is shown 
lo bn 0477/, whore l is its length. 

Next, the cast. 1 of a cubical or rectangular 
box of uniform thickness is taken. In addition 
to the edges, which have the same factor ns 
in the ease of the prism, there is the effect of 
the comers. Tim shape factor of each corner 
is estimated to he 0-lfilt, whore l is the thick¬ 
ness of the wall of the box. The edges and 
corners so far dealt with uro termed “ s<[imre ” 
edgos and corners (see Fir/. 2f>). 

If two opposite walls of the hex are supposed 
to approach each other until they nearly 
touch (see Fir/, 2(1), the square edges AO and 
1 Phil. Man., 1010, xx. fill, * Lor. oil. 


BD form practically one edge, which is called 
a “ plane ” edge and tins a shape factor nearly 
double that of two “ square ” edges. Similarly 
tho four “ square ” corners A, It, C, .1) now 
form tho two “plane” corners Alt unit 01), 
for which shape factors are calculated. An 
example of the case illustrated in Fig. 2li is 
a rectangular plate surrounded by a uniform 
thickness of material. 

It is interesting to note that Langmuir, 
Adams, mid Meildo confirmed their theoroticid 
deductinns by experiments based on tlio 
analogy of bent flow through walls and tho 
How of electricity through an electrolyte of 
the. Slime shape. Elementary cubes, prisms, 
cylinders, etc., of the electrolyte (copper 
sulphate) were formed by joining together 
suitable plates of glass and copper, and the 
electrical conductivities of the various shapes 
of electrolyte were compared. In this way 
Uie shape factors of a square edge and plane 
edge were found to lie 0T4 and (M)3Z while 
tho theory has given 0-477 and (Ml/52/, Tho 
values of a square corner and piano corner 
were 045 1 and 00871. Tho experimental 


^-- 4 \ 

•\JA- x/ 

< 




Km. 2ft. 

A HUI), “ piano ” edge. AII ami cM», “ plane'* corners 


values uro accepted in preference to the 
tlieorelleid, and they were found to hold if the 
linear dimensions of the. inner surface exceed 
jl. This limit would he exceeded in most 
practical oases. 

Tho author’s conclusions as to the aliape 
factor K of u cubical nr rectangular box can 
ho summarised ns follows: 

All interior dimensions.;- II, 

Ba^+O’MSS T l'2t; 
one dimension •- Jt, 

■S •|(H(I!>£/ 4 - 0 * 35 /; 
two dimensions -; £/, 

2'7!U 

log.o (/i/ii) ’ 

three dimensions < jj, 


A and 15 being the areas of tho inner and 
outer surfaces. 

Examples of tho last two cases aro respec¬ 
tively a small square section rod or a small 
oubo with a great thickness of insulation 
amuml them. 
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Example of Cult "hit inn of Shape Factor.—'MiO 
an electrically honied oven with 8 inclira thick ness 
of insulation, and of iiifsitta diinitisimis 8>: 10 x 20 ill., 
which a re all greater Ilian ),l. Thun 

A=2:< 8x 10—liMl square indies 
*1-2x10x20—100 
4-2 >: 20 ;< 8=320 

880 

=4(8 -|-10 4- 20) = 152 inched, 
lienee S is the sum of —=-—-=110 ill ouch 

t O 

+0-fi42J=0-filx 102= 82 „ 

4-1-21 = 1-2x8= 0-0 „ 


.201-0 „ 


It is interesting to compare this result with two 
other methods which arc sometimes adopted. 
Calculating the shape fact ora from the areas of the 
inner and outer surfaces by means of the formula 
S=(A/<),und taking either the arithmetic orgeomolvio 
means between the two values, tho following results 
are obtained for the oven: 

Arithmetic menu . . ... 

Geometric menu .... 247-4 

which differ considerably from tho other value. 

Tho formulae which have boon summarised 
abovo ftio a useful contribution towards tho 
solution of tho problem of calculating tho boat 
losses from rectangular-shaped bodies covered 
with a uniform thickness of insulation. It 
must not bo forgotten, howovor, that they 
apply only whoro the inner and outer surfaces 
are isothermal, and that this condition is often 
nob realised in practice. 

§ (12) VariaM/U State—IIrat Diwusivity. 
All probloma connected with tho variable 
flow of heat depend on particular solution!) 
of Fourier’s fundamental oipiation, 



in which K, e, p are the conductivity, specific 
heat and density of the body, l the time, and 
0 the temperature at any point whose co¬ 
ordinates are ;i;, y, z. This equation expreasea 
the fact that, tho rale of heat inflow into, or 
outflow from, any small clement of a body 
(represented by the right-hand sido of tho 
equation) must equal tho rato at which tho 
element is gaining or losing heat (loft-band 
.side). It is frequently written in tho form 


dO 

dt 




h 2 or K/c p being a constant‘which ia known 
ns tho didusivity (see § (2) (ii.) above). 

Tho problems treated below are ooneernod 
only with tho How of heat in ono dimension. 
■«<w -'-amplo, tho ponotration of heat into a 

"T —" c . ,,f which is raised to 

’’opagation of heat 
from the 


surface, and so on. For these eases Fourier a 
equation reduces to 


d0_ la d*0 
dl~ dx 2 


They can conveniently bo considered, under 
various heads according to the dimensions of 
tho body, its initial toiupenituro distribution, 
and tho inode of heat supply. > 

(i.) Periodic i Flow from a Plane. Surface into 
a Semi-infinite Solid .—Suppose that the heat 
supply is such as to produce simple harmonic 
variations of temperature at the surface of an 
mlinifo solid, and that t> 0 is the amplitude and 
T the period of tho oscillation. Then tho 
temperature of the surface at any time is 
givon by 

„ . 27t£ 

0—0 0 mn ,j, . 


It can bo shown 1 that tho general solution 
of Fourier’s equation, which satislies this 
boundary condition, is 


-*.i /"■ 

0 — 0 a « h Bin 



whore 0 is the temperature at a distnnoo x 
from tho surface. 3 It will bo aeon from I,lie 
form of this equation that the temperature 
at any point will vary periodically and that 
tho amplitude of tho oscillation will diminish 
with tho distance from the surface. 'The 
following charuotorisUos of the wave pro¬ 
pagation can be deduced from the equations 

Amplitude at any point=0„e * l "’, 

Velocity of propagation -- 2/q^/^, 


Wave-length “- 2 h 


Tho “ lag,” which can bo defined us tho l ime 
taken for any crest, trough, or other phase 
of the wave to roach a point at a distance x 
from the surface, is equal to (x/2h) x n/T/tt. 
Heat will How into tho material during one 
half period of tho temperature oscillation and 
out of the material during the othor half 
period. It can bo shown that tho heat How 
during a half period is 


11 = 0, 


K 

l h‘\ 



(a) Application; Diurnal and Annual 
Woven in the Earth's Or uni .—The surfuoo of 
tho earth is subjected to daily and annual 
waves of tomporaturo wbioh, to a first approxi¬ 
mation, can bo assumed to be simple harmonic 
oscillations. Tho square root of tho ratio of 


1 See, <7.(7., IngorHoll and Znlinl. Inlrnilnctioii to tho 
Mathematical Theory of Heal Conduction (Ginn & Co.), 
1013. 

2 See also “Ilcnt, Conduction of, Mathematical 
Theory," equation (12). 
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t!io periods of tho anmiiil and daily waves is 
about 20( = So that wo can at 

oiiijo deduce from the expressions given above 
that the wave-length and the lag at any point 
for the annual wave will ho twenty times those 
for a daily wave. Tho amplitude of the latter 
will fall nIf very rapidly with depth. Taking 
the ease of a daily wave with, a range 15° C. 
to —o' 1 (.!. in soil of diffusivity *0050, tho ampli¬ 
tude of 20" 0. at tho siirfaee is reduced to 10° 
at 8 cm., 1° at 35 cm., and *02° 0. at 80 cm. 
Since the mean temperature of the soil is 
f>° C. an amplitude of 10° 0. will just ho stiffi- 
oiontto take the soil 0° 0., so that the freezing 
temperature will only penetrate to a depth of 
8 cm. Tho lag at this depth will ho about 
21 hours. If an annual wave had the samo 
range ns the daily wave taken above, the 
freezing temperature would penetrate twenty 
times us far and the lag at this point would 
ho 40 days. 

Tho mathematical formulae given above 
apply only to simple harmonic oseillations of 
tompomturo. Tho annual wave, in particular, 
departs considerably from the simple form, 
and it may therefore he necessary to analyse 
it, according to tho Fourier inothod, into u 
number of simple harmonic components. 
Those of short period, like the daily wave, 
rapidly become inappreciable as the depth is 
increased. 

A number of observers have studied the 
temperature waves in soil for the purpose of 
measuring its dilYusivity, and some of their 
values are given in the table below : 

Taw.h Vf 


at a distance x from tho central piano of tho 
slab is given by 

vW-J-i 

Vt'.'L 

Values of this integral (tho “ probability 
integral ”), which is frequently mot with in the 
solution el' problems of variable heat flow, 
will he found in Tables of Mathematical 
Functions. 8 

As nu example we may take tho case of 
concrete, originally at a temperature of 10° C., 
which is poured into a trench (SO cm. wide 
out in the soil. If the temperature of the soil 
is - 5° C. it is desired to know whether tho 
concrete will have time to sot before it is 
frozen. 

For this purpose wo can calculate how long 
tho freezing temperature will take to penetrate 
to a depth of (say) (5 cm. below the surfneo 
of tho concrete, which it is assumed has tho 
same dilYusivity ns tho soil (O-OOfi). Hero 
/ = 30 cm., * — 24 cm., whilo 0 O = ]5° and freez¬ 
ing temperature — fS 0 , both relutivo to the soil, 
so that 

0 


15 [Zh\ / l „ 

n \vL, 


Observer. 

Hull. 

Locality. 

Diffusivity. 

Kelvin, 18410 . . 

Uitrdnn Hand 

Ndiuluirgli 

0 0087 

Neumann, 18(111 . 

Sainlv loam 

I'MInhurgli 

•OHIO 

Kvaiett, JHliO 

tlrnvel 

(ireenwioli 

•0125 

Angstrilin, JKlil . 

Handy clay 

U[wila 

•0057 

Callemlur, 18(15 , 

(Jnnlan sand 

Montreal 

•0030 

Haiiiliaul, 11)00 . 

(1 ravel 

Oxford 

•0074 


The two last - mentioned observers used 
platinum thermometers, which are much to ho 
preferred to tho mercury thormomotors with 
long stems used in some of the earlier work. 
Cnlloudar points out that water has a very 
largo effect on tho diffusivity of tho soil. Its 
presence increases both the conductivity and 
the heat capacity, hut tho former to a groator 
oxtimt, so that tho dilYusivity is inorcnseil. 
Under very oxtromo conditions tho diffusivity 
may vary from O'OOl to 0*020. 

(ii.) Insertion of Slab at Temperature 0 o 
between two Infinite Blocks of same Material 
at 0“ C .—If tho slab is of thickness 2 1 it can 
bo shown 1 that tho temperature at a point 
1 Ingersoll mid Kobcl, toe. cit. p. 70. 


Tho limits of the integral may ho called q and 
-Ik/, and by a process of trial from the table 
of values it call lie shown that q “0-0(15 nearly, 
so that t is over 4 days, 

It is interesting to note that 
as the conditions of symmetry 

... require that thoro can ho no 

Diffusivity. transfer of heat across tho 

. middle piano of tho slab, tho 

00087 above solution applies also to 

•OljjO tho onso of a slab of half tho 

•0125 thickness one face of whioh is 

new placed in conlnot with an 

•007‘i infinite block and the othor 

__ protected from heat loss. 

(iii.) Semi-infinite. Solid at 0° 
with Boundary Surface maintained at 0 e .— 
This enso diflora from (ho (list enso dismissed 
above in that tho boundary lomporaluro 
instead of varying periodically is supposed to 
ho suddenly altered to 0 O> and then maintained 
constant. 

Jt can bo shown 3 that tho temperature 0 
at a distance * below the surface is given by 


From this equation it is easy to deduco tho 

1 Wolllscli, Theorie unit Praxis tier Austiteich- 
Tc.chnuvj, p. 257, or ftiKorsoll and Znhel, he. cit. p. 100. 
1 IngorsoH and Kobcl, Joe: cil. p. 78. 
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“ law of times ” according to which tho times 
required for any two points to reach the 
same temperature am proportional to the 
squares of their distances from tho boundary 
plane. 

As an application of tho above equation wo 
may take the ease of ft mass of concrete 
(diffusivity •005) at a temperature of 20° tho 
surface of which is suddenly raised 740° C. 
It is required to ascertain how long a tempera¬ 
ture of 1011° C. will take to penolrnto a distance 
of 30 om. Hero 0 o is 720° and 0 is 80", 
measured relativo to tho original temperature, 
and t is found to ho about 38,600 seconds or 
10 hours. 

(«) Application: Cooling of the mirth.— 
The equation above cun also ho used for tho 
solution of tho problem of tho timo taken 
for the cooling of the earth to its present 
condition, neglecting the effect of tho earth’s 
curvature. By differentiating the equation it 
cun he shown 1 that 


0 2 

t= ZStf&jSifi? 

Kelvin assumed tho original temperature 0 0 
to be 3900° C., 7i 3 ='01178, and tho surface 
gradient (dO/(l.v) 0 lo ho 1° C. in 2770 om., 
and obtained a valno of 100 million years. 
Even allowing very wide limits of error, this 
estimate is far below that based on geo¬ 
logical considerations. It has boon sug¬ 
gested that a probablo explanation of tho 
discrepancy between tho two estimates is 
supplied by the recent discovery of the con¬ 
tinuous generation of heat by tho disin¬ 
tegration of radioactivo compounds. 

(iv.) Slab at Uniform Tem¬ 
perature: one Face raised to 
Temperature ) 0 and kept con¬ 
stant, the other protected from 
Heat Loss. — If 1 /2 is (ho 
thickness of tho slab tho re¬ 
lation between timo and tho 
temperature of tho protected 
face is shown by Ingoraoll and 
Zobol 2 to bo 

zJPnH . — 0A*ir* 


(i.e. 1) each face of which is suddenly raised to 
and maintained at 0 Q . 

As an example of tho above conditions wo 
may lake a wall of concrete backed by a wooden 
easing or a floor of masonry or concrete on 
which is piled some poorly conducting but 
inflammable material. It is desired to know 
how seen a fire on one side of the wall would 
cause a dangerously high temperature to. 
penetrate to the other side, it follows at ' 
once that the effectiveness of the wall or floor 
in proventing fire depends on a low value of 
the diffusivity rather than the conductivity, 
and tiiat tho timo taken for a dangerous 
tempemturo to penetrate to tho rear face 
will vary ns tho square of the thickness (of. 
law of times above). 

Tho solution given requires that the face 
of tho wall should be suddenly raised to a 
temperature and maintained there. In 
practice this condition would not he realised, 
but Ingoraoll unci Zobol show that a solution 
may lie arrived at by the device of imagining n 
layer to l>o added to the outside of the wall, tho 
surfueo of which is suddenly raised to a tem¬ 
perature V- I*y suitably choosing the added 
thickness mid tho temperature 0 O '* a vl ’ r .Y ohmu 
approximation to tho temperature rise of the 
actual surfueo of tho wall can he obtained. 
For most purposes, however, a Hiiflioiently close 
solution is given by using the mean value of 0 Q . 

For further examples of practical, problems 
depending on the variable state, reference 
may bo tnudo to a standard textbook, sunk 
at that of Ingersoll and Zobol, from which 
many of the solutions given above have boon 
drawn. 

Taih.b VII 

niraimvrrsr op Mktai-s and otiikr Buiiktanckh 
Dllliimvily (A 2 ) = kjcp 


4 

+ 3r e 


4 c -25AVf 


+ 


1 

r 


Generally it is only necessary 
to take account of tho first two 
or tlirco terms of this ex¬ 
pression. As in tho other ease 
of a slab dealt with above, tho 
equation also gives tho tem¬ 
perature rise of central plane 
of a slab of twico the thickness 

1 Ingoraoll and Zobol, loc.cit. p. 80. 

1 Loc. cit. p. 108. 


Metals. 

Dllfiisivlf.y, 

Other Bulistunees. 

DHTiisIvlty. 

Aluminium . • 

0.0 .S. units. 
0-820 

Air .... 

0,(1. S. mills. 

O'171) 

Antimony . . 

0-13(1 

AhIiosLoh wool . 

(MHKIfi 

Bismuth . . 

0-008 

Brick (fire) . . 

0(11)74 

Brass . . 

0-339 

Brick (building). 

0-0050 

Cadmium . 

0-4117 

Clmrconl. 

0-0020 to -(1030 

Copper . . 

1-133 

(.'Old .... 

0-002 

Gold . . . 

1-182 

Conoroto . 

0-0050 

Ivon (wrought) . 

0-173 

Cork (granulated) 

0-0020 to -11030 

Iron (cast) . 

0-121 

Khonito . 

0-OOIO 

Load 

0-237 

Glass .... 

0-0057 

Magnesium . 

0-883 

(Iranito . 

0-0155 

Mercury. . 

0-033 

Ico .... 

0-0112 

Nickel . . 

0-102 

KicsL'Igulir . 

0-0020 to -0080 

Palladium . 

0-210 

Limestone 

0-0092 

Platinum 

0-243 

Blag wool 

0-0020 In 0030 

Silver . . . 

1-737 

Snow (fresh) 

0-0033 

Tin . . . . 

0-107 

Boil .... 

Bee ‘Table Vf, 

Zino .... 

0-102 

Water . . . 

0-00 M3 


f. ir, 8, 
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IIHAT, CONDUCTION OF; 

MAT 11KMATLOAI, THEORY 

Oonmwijtiok is the iinmo given to tho process 
by which heat is transferred from one portion 
of a body to another portion immediately 
mtjiujont to it, across Hie common boundary 
or interface, in consequence of inequality of 
temporaturo. It is to lie distinguished from 
Radiation, which may lake place between 
bodies which mo at a distance apart, with no 
material cnimoction, and from Convoction, in 
which tho transfer is promoted by currents in 
tho substance. 

Tho points of a body which at a given in¬ 
stant have an assigned lompemturo II lie on 
a surface, called an " isothermal ” surface. Jf 
wo imagine a series of such surfaces to lio 
drawn for equal small intervals of 0 wo obtain 
acomploto mental picture of tho instantaneous 
distribution of toniperatmo. In general the 
eon I igu rat ion of theso surfaces changes from 
instant to instant. When on the oilier bund 
it ifi permanent wo have what is called a 
" stationary ” state. 

Tho mathematical theory of conduotion 
starts with the assumption that in an isotropic 
substance tbc flux of hunt aorjww a surface 
olomont drawn (in any direction) through mi 
internal point I’ is in tho direction of diminish¬ 
ing temperature, and is proportional to the 
spneo-rule at wldeh tho temperature falls in 
the direction of the normal. Hence if SS ho 
tlio area of the element, ami fin an element of 
tho normal to it, the (positive or negative) 
amount of heat which crosses in lime Cl, in tho 
direction of <5», is 

~4£ss.n. • • • < l ) 

where k is a oooflicioi.it called tlio “ thermal 
conductivity.” The valuo of k depends of 
course on tlio thermomotrio sculo adopted, 
and on the nature of tho Hiilmtanoo. It 
varies also to a slight extent with 0, but tin's 
is not important unless the range of tempera¬ 
tures ho considerable, and is usually ignored 
in tho mathematical theory. It is ovldcnt 
that tho flux is greatest in tins direction of tho 
normal to tho isothermal surlnco through 1*, 
and zoro in tangential directions. 

Tho simplest problems are those of linear 
flow, whoro tho isothermal surfaces are parallel 
pianos, ns when the faces of n large flat plate 
or slab aro subjected to given changes of 
temperature, uniform over oaeh. 'Taking tho 
axis of x normal to theso planes wo cnleulato 
the amount of licat gained in time SI by unit 
area of a stratum of thickness Sx, The 
amount which enters the rear faco is 


whilst an amount 

-dS'T’V) * 

\as Ox* ) 


leaves by tlio front fnee. There is thus on 
tlie whole a (positive or negative) gain of 
amount 


£~dxSt. 


To find the consequent change of temperature 
wo divide by the thermal capacity of tho 
portion of Hie stratum considered, viz. pcox, 




where p 

is tlio density, and r. 

heat per 

unit mass, lienee 


ra^re 

-IS. 

1! 

3 

re Ira 

or 

do d 2 o 

at - k vx i ' 

whoro 



i»' 


(»> 


It is this quantity k, ratlicr than which 
determines tho rapidity with which tempera¬ 
ture changes ensue, under assigned conditions, 
in a body of given dimensions j k is therefore 
culled the M tliermonictiie ” conductivity. 
It ap]ienrs from (2) that the dimensions of k 
lire those of the square of a length divided 
by a time, lienee in geometrically similar 
bodies of the same material the times in which 
aunlngotiH changes of temperature lake place 
aro proportional to the squares of tho linear 
diinomiiniiH. 

In n Htationury stale wo liavo rVi/fC-0 and, 
thorefoM, fmin (2), It — A- 1 -.U.t, tho graph of 
which is a straight lino. Thus if Hie two 
faces ai—O, x~l (say) of a slab lie maintained 
at given tomporatuies 0 o , 0 U wo have 


< ?=:0 o .|.(d 1 -d o )« . . (4) 


'Tho simplest oxnmplo of a variable tempera- 
Luro is that of a solid bounded by tho plnun 
x—Q and extending to infinity in tlio direction 
of a; positive, when tho surfneo is subject to 
a poriudic variation 

0-~0 a conwt. . . . (5) 


TJio work is shortened if wo replace (fi) by 
0—0 a d'" 1 and afterwards reject tho imagin¬ 
ary part of tho result. Assuming 0=nc lu,l > 
wiioro u involves x only, wo find on substitution 
in (2) 


(l 3 u 

<P' 



( 0 ) 


whonco «=Ac< 1 ’l- f ) BW + 31c-( 1 + i )»'* . (7) 

provided .(B) 


Since in our eaBo it must not hecomo infinite 
with x, A must vanish, and putting x—0 wo 
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find Hence, retaining only the real 

part, 

0 - 0 b c ~ ”' c cos(tu( - mx). . . (9) 

Tlio fluctuations of temperature are propa¬ 
gated inwards without change of the period 
( 27 t/(j), with the wave-velocity w/»» or \'(2i;<o), 
hut diminish in amplitude ns they proceed, 
according to the law e~ m: . In llio space of 
a wave-length (2*-/«») the ratio in which tho 
amplitude is diminished is c“ 2 " or 1/1536. 
This oxamplo is of interest as illustrating the 
way in which tho daily and seasonal variations 
of temperature at the earth’s surfaco aro 
modified as they penetrate into tho ground. 
It appears from (8) that the nuiro rapid 
fluctuations liavo less penetration than tho 
slower. Tima at a certain depth tho alterna¬ 
tions of suinmor and winter may ho still 
sensible, whilst tho daily variations aro im¬ 
perceptible. Tho progressive oliango of phase 
is also to he noticed. At a depth w/m tho 
phase is inverted, tho tomporntnro being (for 
instanco) highest in winter and lowest in 
summer. _ ' 

If wo start with an initial distribution 

0 =11 sin mx . . . (10) 

in a solid unlimited both ways, wo lmvo, 
assuming 0 -u sin mx, whoro u involves l 

only. ihi.' 

^•+K-»U«=0. . . . (11) 


Honco, dotormining tho oonstant so as to 
agreo with (10) whon t=0, 

0 ~ Be" K,n?l sin mx. , . (12) 


This is a simple oxamplo of a “ norma! mode ” 
of decay of inequalities of temporaturo in a 
body left to itself. Tho smaller tho sculo 
(iirjm) of tho inequalities tho more rapid is 
tho process of smoothing out. The result may 
he adapted to the ease of a slab bounded by 
tho planes a;=0, x-1, by making sin ml-0, 
or m-sirll, where a is any intogor. Tho normal 
modes corresponding to s~I, 2, 3, . . ., 
rospeotivoly, jnay ho snpcrjmsed ; thus 

0 = B x e~ sin ™ -I- B a e sin -|- . . .(13) 


S 3 7T fl K 

whoro A, —— 


(14) 


The cnofficionts B, may ho dolonnincd so that 
(13) shall represent, fur t- 0, any arbitrary 
initial linear distribution of temperature in 
tho slab ( v. “ Fourier’s Tlicorem ”). As l in¬ 
creases, tho successive terms in (13) gradually 
diminish, each more rapidly than tho pre¬ 
ceding ono, so that tho first component is tho 
last to survive in appreciable amplitude. 

To investigate the propagation of heat in a 
‘o take account of 
' aides. The 
*mo-mto of 


loss per unit area of tho surface is hi 0, whoro 
0 is the excess of temporaturo above that of 
tho environment, and E is a constant, called 
the “ otnissivity,” whoso vnlno depends on 
the nature of the surface, '.[’ho loss in time 
H to an element Sx of tho bar, from this cause, 
is KpoxSl, whoro p is tho perimeter of tho 
cross-scotion. This leads to tho equation 


whoro 


dO b*0 . , 
— Kfc-s — hO, 
cl war 

h-%. 


•S denoting the sectional area. 

In a stationary state wo have 

K. A . 


whonco 

if 


fl=Ae w *- I-Be-"*, 



(lf») 

( 1 ( 1 ) 


( 17 ) 

( 18 ) 
(19) 


Thus if tho ornls (*=0, x~~l) ho maintained 
at tho constant temperatures <J„, (\ respectively, 
wo iind 

O 0 sinh m{l—x) ■\-0 l ainh mx , 0 
.sinifniJ..■; 1 


If tho bar is infinitely long wo have tho simpler 
formula 

. . . ( 21 ) 

To investigate tho ease of a very long bar 
whoso extremity (.t-= 0) is subject U> a given 
poriodio variation, wo assume in tho first 
instanco 

0^O o a M . . . ( 22 ) 


ns tho proscribed terminal tompomfcuro. Tho 
equation (lf>) then gives 

S-TT* ' • ' » 


To solvo this wo introduco auxiliary constanls 
r and c, snob that 

=r» (oos 2« -It sin 2e), . (21) 

that is ten 2c . (2fi) 

Thou, writing for shortness 

ft=roos e, /9=rsinc, . . (2tl) 

wo lmvo *~i = («Tt/3) fl tt, . . (27) 

whonco 

0= + . (28) 

Sineo 0 is to remain finite for ru co, wo lmvo 
A“0, and, putting .r-0, wc find B ~0 0 , by 
(22). Honco taking tiro teal part 

0— fl 0 e _ “*«os {ut-fix), . . (20) 

corresponding to tho proscribed nscillntion 
0 o cos w( at «=0. This contains tho theory 
of an important oxporimontal method. 
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Tho simplest cn.Ho of ihrco-dimonsionnl flow 
of heat in that of symmetry about a ])oint. If 
0 lio ii function of r, the distance from the origin, 
and/, only, tho flux outwards across a spherical 
surface of radius r in tinio St is 

— L^f-tirr-Sl. 
dr 

A spherical stratum whoso inner and 
outor radii nro r and r+Sr therefore gains 
heat to ilia amount 

4 * 4 H?) W - 


Wince the thormal capacity of tho stmlnm is 
‘iirr-ur. pc., the gain is also expressed by 

&irper*5r . 

.1 f) l j)0\ ...... 

II.,,UK. r- S r‘$rV '&)• ■ ■ (, ' 0) 

whero K—kjpc as before. Tho equation may 
also bo written 

^> = 4>). ■ • (31) 

In u stationary stato dO/<il= 0, and therefore 

0~A-\* . . . (32) 

In tho imho of a spherical shell of intoiunl and 
lxtomul radii a mid b renjicclively, mul loiiipoiuluri'H 
1. ami 0 2 , we havo 

0,-A-l-'* 

1 a 

Ah-- 


timed 


Thus 




And if (2 denote tho outward flux jxir second, 

<10. 


< 2 = 


•brr. 


^■'^{i-Z-^-0,). . . (32«) 

Til a sphere which is complete to the centre 
wo must have B ••--•() s the only stationary 
condition is then ono of uniform tomporaturo. 
The second term in (32) would correspond to 
the case of a steady source of beat at tho centre, 
Whoa a solid sphere has an arbitrary 
initial {symmetrical) distribution of tempera¬ 
ture, whilst its surface is maintained at a 
constant temperature (which we may take as 
zero), the procedure is to ascertain tho various 
“normal modes.” Assuming that 0 varies 
as c ~ Al , wo have from (31) 

?f? + W • . • (33) 

fir 3 k 

Hence, putting A/k~»* 9 , 

r0 = A cos j«r-i-13 sin mr. . 


Since 0 must bo finite nt the centre, A—0; 
and sinco it is to vanish at t ho surface {>•=«) 
wo must have sin ww-=0, or nut-tv, whero .s 
is integral. The normal modes are therefore) 
of the type 

sir y iiv r \ 

Sill—, . . (3rd 




whom 




(3ti) 


By superposition of the modes ,9 = 1, 2, 3, . . . 
it is possible to represent the result of any 
symmetrical initial distribution. Tho most 
persistent mode is that for which a~l. 

When tho mil-face is not maintained nt. 
constant temperature hut radiates into 
surroundings of tcmperatiiro zero, fclio total 
flux outwards will he Jiff . 4ir« a . Tho condition 
to bo satisfied for r~d is therefore 


or 


(37) 


Honoo, referring to (34), with A =0, mul putting 

• (38) 
. (33) 




wo find 


. ma 

tun mu = . 

L - ha 


This oquation determines tho admissible 
values of mrt. The mots are determined 
graphically liy the iutorseeliouH of tho curves 


//—tan if, , A 


(.10) 


It appears on drawing the loci that if ha-r I 
the lowest positivo root lies between 0 and 
^jr, whilst if futi- 1 it lies between and ir. 
Tho corresponding most persistent normal 
mode is 

0 — “c" * m ‘ l sin mr, . . (i:I) 

III tho caso of symmetry about nil axis, tho 
consideration of the flow of heat in and out 
of a cylindrical shell of radius r and thickness 
Sr leads to tho equation 

dO d ( d0\ 
r di~ K ¥r\ r dr)‘ ■ 


(‘12) 


Tho condition for st ationary temperature is that 
dOIdt should vanish, and honoo wo must havo 
rUlOltlr)— constant, or 

0=A -i-13 log r. . . . (43) 

For a solid cylinder wc must havo B=0 unless 
there is a boui'co of heat at the axis. In the 
enao of a pipe whoso inner and outer radii 
aro r„ r a , wo find 

0i log fair) -f- 0 3 l f »R (r/ri) M , n 

.logT’WL).".* • 

Tho general equation of conduction in three 
dimensions is obtained by calculating tho flow 
of heat in and out of a reotanguiav element 
of volume oxoyoz. As in the case of linear 


. (34) 
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flow the gain of heat in time 51 line to the two 
faced perpendicular to Oj- in found to be 

— . oySz . 51. 

ex- j 

Adding the gains duo to tlio remaining pairs 
of faces we have 


do (drO d 2 0 d 2 0\ .... 

From this tho particular cases (30) and (42) 
might bo derived by transformation of co¬ 
ordinates. Tho expression in brackets is 
of ton denoted by V z 0. It gives a sort of 
measure of tho extent to which the average 
temperature in the immediate neighbourhood 
of (x, j, z) exceeds the temperature at this 
point itself. Thus the excess of tomporatui'o 
at an adjacent point {*+£, y + v, 2 -|-f) is, to 
tho second order, 

+ Hwz ,r+2 ^ +2 ^ v )' (4C> 


The averago values of f 3 , y 2 , f 2 over a spliorioal 
region of small radius r having its centra at 
[x, y, z ) are each equal to Jr 3 , whilst tho 
nveragos of tho remaining functions in (40) 
are zero, since they are as much negative as 
positivo, Tho average excess is accordingly 

V-0.\r\ . . . (47) 
Reversing tho sign, tho oxproasion -V a tf is 
called tho “ concentration " of 0 at fclio point 

(*. V< *)• 

Tho condition of stationary temperature is 
V-0=Q. . . . (48) 

This is identical in form with tho equation 
satisfied by llio gravitational or tho oleotrio 
potential in free space. Consequently many 
of tho theorems of Attractions and Electro¬ 
statics hftvo their analogues in tho present 
subject, For instance, when tho surface of a 
solid of any form is maintained at a uniform 
toinporatmo the temperature (when stationary) 
must bo uniform throughout tho interior. 

So far, isotropic substances have boon in 
view. In a crystalline structure tho flux of 
heat across any surface is not determined 
solely by tho temperature gradient in tho 
direction of the normal. Tho natural exten¬ 
sion of tiro previous assumption is that tho 
fluxes por unit area and per unit time across 
surfaces porpondiculau to ir, y, z respectively 
arc 



Tho usual method leads to 

(on . dv . dw\ 


i:0 (dn dv dw\ ..... 


dO d-0 d-0 d-0 d 2 0 

0r dt ~ Ki dx* %/'- ’■ +2 Hydz 

+2X +9x 

1 \z?;x 1 “'Vi- dy' 

whora k.Jm, 

1 pc ’ 1 pc ’ 


(51) 

(r,2) 


By a special choice of co-ordinate axes tins 
equation can bo brought to the simpler form 


dO jPO ,J) a 0 ,d*0 

St"* 1 1)® 2 K * 3jy a 1 * 3 E5 3 ’ 


(55) 


Tho now axes may be called the principal axes 
of conductivity. 

If wo further imagino tho body transformed 
by an homogeneous strain, writing 



whora k may bo ohoson arbitrarily, wo got 


d0_ (d*0 d-0 d 3 0\ 

d'i~ K W 3 ''dy' 2i 'd7y' 


( 55) 


which has tho same form as for an isotropio 
medium, lienoo results obtained on tho 
hypothesis of isotropy unn bo transformed so 
as to bo applicable to tho more gonunil onso. 
For instance, tho isothermal surfaces duo to 
a source of heat at tho origin are, in tho euso of 
isotropy, tho spheres 

.•e' a -|-j/' a -l-»' a —const. . . (fid) 

In tho crystalline ease they are tiro ellipsoids 

.T a I / 3 Z* . 

7? T T =<:otist. . . (»7) 

X| X.j X.| 

Tho corresponding Investigation for conduction 
in two dimensions gives' tho theory of do 
Sonarmont’s classieaj oxporimonts on con- 
cluotiou in crystalline plates, ii. J., 


HEAT, CONVECTION OF 

§(i) C'ONVKCTION CtllUlBNTS.—Tho nrliclo Oil 
“Heat, Conduction of,” has been concerned 
mainly with tho Imnsforeneo of Imat through 
bodies tho parts of which, except for possible 
molecular and electronic diffusion, aro at 
rest rohdivo to oacli other and to their hound¬ 
ing surfaces. Whoro such relative motion 
occurs and is associated with temperature 
gradients, heal is convoyed by tho moving 
matter ami is thou Raid to bo transferred by 
“ Convection.” Tho phenomenon is prcuiti- 
onlly limited to fluids, and it occurs ho readily 
in thorn that, as was shown in tho article 
on “Heat, Conduction of,” tho main tliill- 
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variables in Mio brackets arc of zero dimensions, 
rienoo (lie conclusion is 

*-*»(¥■ ?)■ 

Hvjk appears to ho n constant for imy particular 
jtriiH (soo Table V., article, “Heat, Conduction 
of ”). him! not to vary greatly from one gas to 
tvnotlier, ho that for the same gas, or approxi¬ 
mately for all gases, the second term of the 
function becomes a constant, while the first 
oun In* written VZ/c or Vd/v for a cylinder of 
diameter d with its long axis perpendicular 
t<i tho How. Tho formula for tliis latter ease 
then becomes 

»-*»(?)■ 

Tf, now, tho rate of heat loss ]x;r unit limgth 
is plotted against \’d, a constant relation 
should ho olitained for all cylinders. 

Davis 1 lias considorecl the data, applying to 
various sizes of cylinder, and tested thorn in 
tlx* above manner. Ho took Jblio condilions 
of Hughes's experiments, namely, a cylinder 
at 100" 0. surrounded by air at 15° 0., and for 
values of VrfsfiOO unci 1000 ealonlalcd the 
lioal. loss for lino wires, using King’s formula 
and constants. Tho results aro shown in 
Wig. 1, together with Hughes's values and 



VtI -> 

Fio. 1 . 


soino results obtained by Carpenter 2 for 
f» cm. steam pipes. It will lie soon that the 
extrapolation of King’s formula gives i-onwrk- 
ablo agreement with tho curve for larger 
cylinders. Tho velocities required to give the 
value Yd of BOO with a thin wire of 0-003 cm. 
would ho too groat to allow tliis extrapolation 
to ho oonilrmed experimentally. 

(iv.) Turbulent Flow. — Vory Iittlo experi¬ 
mental work 1ms boon done on tho heat loss 
duo to turbulont flow, except in the case of 
pipes, Osliorno Reynolds, 3 dealing generally 

1 Phil. Mag., 1020, xl. 092 

2 Quoted In Trans. Amr. Jilectrochem. Am., 1013, 
xxtll 32'.t 

‘ s Vroc, Lit. Phil. Soc. Manchester, 1874, xlv. 0. 


with tho subject, states that convection in 
this case is due to two causes, namely, natural 
internal dill'usinn and tho visible eddy motion 
which mixes the fluid up and continually 
brings fresh particles into contact with the 
surface. Ho deduces the formula 

/; - (A -I- B/>V)0, 

A and B being constants and V and p the 
velocity and density of the fluid. A is small, 
so that h is approximately proportional to V. 
Stanton -1 lias verified Reynolds’ theory 
experimentally ami finds that h varies ns V" 
whore n is n little less than unity, 

The effect of the change from stream-line 
motion to turbulence on convection loss does 
not scorn to have boon investigated. Russell 5 
luis obtained theoretically nn approximate 
formula for stream-line motion in a jiipo, 
according to which the convection loss varies 
as \^V. The critical velocity at which eddy 
motion occurs 1ms been shown by Coker and 
Clement® to vary directly ns the viscosity 
and inversely as the diameter. It is useful to 
note that these variables aro associated in 
tho siuno way (i.c, Vif/r) m Rayleigh’s 
similitude formula. 

§ (3) CoNui.usioNH on Forn; m> Convection. 
—(i.) The heat loss by forced convection 
from a hot surface is proportional to tho 
temperature dilfcrcnce between the surface 
and the ambient lluid. This has been shown 
by Roussincsq from hydrndynamical reasoning, 
by Rayleigh from the ’principle of similitude, 
and it is confirmed by a considerable mass of 
experimental evidence. 

(ii.) For stvoiun-lino flow the boat loss is a 
function of the product of velocity and linear 
dimensions. This has been shown theoretic¬ 
ally by RmiHsinosq and Rayleigh. 

The work of King on fine wires makes the 
heat loss proportional to (*/Vrf’+ constant). 
Tho results on larger cylinders, spheres, and 
flat surfaces are conflicting, some observers 
finding that tho heat loss varies as vV and 
others that it varies as V. 

(iii.) For turbulent flow in pipes tho lioat 
loss is proportional to the velocity. 

§ (4) Natuh.u. Convection, (i.) Early lie- 
suits. —Tho gravity currents set up in a fluid 
in the proximity of n hot object have been 
investigated both theoretically and experi¬ 
mentally. The first work of importance was 
that of Didong and Petit, to whom are due 
an elaborate series of experiments on tho 
cooling of hot bodies. Their researches, 
published in 1817,’ aro prootioally confined to 
tho heat loss from thermometer bulbs sur¬ 
rounded by constant tomporature enolosurcs. 

* Phil. Trims. R.S., 3 8117, cxc. 07. 

* Phil. Mug., 1010, xx. 601, _ 

0 Phil. Trans. lt.S., 1003, cel. 45. 

* Aim. ilc Chim. et f%s.» 1817, vli. 
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By exhausting the enclosure uml observing the 
rate of cooling of the bull) the heat loss due Ln 
radiation was determined. Experiments were 
made with the same bulb and enclosure when 
the latter was Idled with gas at varying 
pressures. As a result the following empirical 
formula was deduced for the convection loss: 
h = mp 

where m is u constant depending on the shnpo 
and position of the body, p thogaseous pressure, 
and 0 tho temperature difference. 

The work of Jiulong and Petit was sup¬ 
plemented by that of Pcclnt 1 on the value of 
m for bodies of simple geometrical shape. Ifo 
measured tho rate of cooling of hollow metal 
cylinders, spheres, and prisms filled with 
water. lie used bodies ranging from fi to 
80 cm. in diameter and 5 to fit) cm. in length. 
Great care was taken by means of elaborate 
stirring devices to keep n uniform temperature 
insido tho vessels, and they wore placed inside 
n large water-jaokoted cylinder about 80 oil), 
in diameter and 100 cm. high. 

According to J’eclet the heat loss by convec¬ 
tion is not proportional to tho area of tho 
surface but iueroasea more slowly for bodies of 
fairly large size. Thus for spheres ho makes 
the heat loss proportional to (1-778+ 0-13/r) 
and for horizontal oylimlora (2-058+()-038/r), 
whore r is tho radius in metros. Formulae 
urn also given for vortical cylinders and vertical 
walla, tho lattor being of the form a+b/ij'ft, 
(it.) Lorenz's 'J'licori/. — After I’colot, tho 
heat loss from a vorlionl surfaco freely exposed 
to air was investigated inalhoinnlionlly by 
Loren/.. 3 Ho made a number of assumptions 
regarding tho upward air streams in the 
vicinity of tho plate. Thus (ho temperature 
of tho air on oimsing tho hoii/ontiil plane 
through the lower edge of the plato is supposed 
to ho that of tho air at an infinite dislanee: 
it is assumed that tho air moves from the 
bottom to the top of the plato at a constant 
speed and that horizontal mirrenls, which 
might he duo to expansion, arc negligible. 
On this basis Lorenz arrives at tho formula 



where H is the height of tho plain, 0 the 
temperature dilToroueu between the plato and 
the air, the latter being at a, temperature T, 
and c, p, k, q are respectively the spociliu 
heat, density, ennduotivity, and viscosity of 
air, and y tho gravitational constant. A, tho 
heat loss, is expressed in cals, per sq. cm, per 
second. It will be observed that the exponent 
of 0 , namely 1-25, agrees closely with tho 
I'2;i;i found by Dulong and Petit. Tho 
formula gives tho boat loss as varying with 

1 Traili! tie lit chtthnr, 18(10, Irons, by Paulding. 
Van Noslraml Co., 100-1. 

• dim. tier Thus,, 1881, xlli, 582. 


height in the ratio 1 /Rj (for a furthor clin- 
cussion of “ height oft'oot ” hoo § (•!) (v.) below). 

(iii.) VeriJUtUion. —As hearing mi Loron/.’s 
formula, the experimonts of Langmuir !l on 
a vertical disc of dinmotcr 10-1 cm. may be 
referred to. Tho disc was healed by a 
resistor element in eanf.net with l-bo buck 
surfaco and was embedded in n cylinder a 
larger diameter, consisting of insulating 
material, the exposed surface of tho dim; being 
flush with tho insulation. Tho temperature 
of the disc was determined hy a thermo¬ 
couple, amt tho watts required to maintain 
it at a constant temperature wero measured, 
In order to reduce the radiation to il minimum 
the surface was of highly polished silver, tho 
omission oedlieienb of which, onlculivtcd from 
Hagen and Uuhen’s formula, varied from 
about 1-7 per cent at 50° (j, to 3-5 per cent at 
(100° C. of that of a black body. By this 
means the radiation correction, even at (H10° ('., 
was kept us low ns 20 por cent. Tho convection 
loss was found to (it a formula 

A =0*0000-1.000*, 

so that, ns regards tho dependence of heat 
loss on (ompernturo difVoienec, Lorenz's deduc¬ 
tion was confirmed. Tho numerical constant 
given hy Ids formula, taking H tho averago 
height of the disc to bo In cm., was 0-000(MBf>, 
Seeing that Lorenz’s assumptions only applied 
for small (omperntiiro dHVeronees and Unit ho 
look no account of the teiiipomtfll'c variations 
of conductivity, viscosity, and density, it is 
surprising that his formula holds so well up 
to (100° (I. 

Langmuir also investigated tho oiVeeb of 
orionlation of a flat surfuce, using tho silvered 
disc above referred to, mid found that the limit 
loss from a flat surfaco with face upwards was 
slightly greater than from Iho vortical surface, 
while the latter was considerably gi.im.lor than 
that for a horizontal surface with face down¬ 
wards. Tho results iti-o shown graphically 
in Fiy. 2. Apparently in all three times tho 
heat loss varied us 0*. 

Some experiments have also been made at 
the National Physical Laboratory 4 on largo 
vortical plates. Experimenting, ‘first, with a 
plate freely exposed to tho atmosphere, tho 
convention loss was found to ho O-(M>OI)J7/>0* 
calories per sq. cm. per second, which agrees 
approximately with Langmuir’s value. Tho 
plate used was of polished aluminium, 12(1 
cm. square, and the temperature dilTcrcneo 
varied up to 100° < !. 

The convection transfer across enclosed 
spaces between vertical plates was also in¬ 
vestigated. It was found that, for air spaces 

“ Trane, Amer. Klerlroehnm. floe., HHil, xxill, 201). 

' Id-port nil "limit Transmission by Convection 
and Hnillullon," puhlLshcil by tho Food investigation 
Hoard (1021), 
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of l -'Jr din, mid over, llm transfer wan inde¬ 
pendent of llio thickness and varied as 
(l.OIIOlWOlW'i. Horn 0 is llm tcmpornlnro 
dillVn’iioo between till' hot and wild plates, 
and niueo the tnmpomlmn of tlm enclosed air 
jti iiiinrmndiut.n between that of Mm plains it 



won lil Iio expected that Mm coeliiniont would 
1 ,„ lowin’ Mian that fur tho plain in Uut open 
utnioiiphorc in fact., of Mm order of onn-lialf. 
H'|,o tuilidiviniim of Mm enelumid space liy a 
iioi-i/.imini partition into two nipial spuw'H wan 



fmmil iml. to effect appreciably tlm boat Iohh 
jinn unit arua. , 

Tlm ccmilla of Mm experiments aw illnstratwi 

in Fiy. 11. . , .... 

(iv.) Iwit/iiinir'a Jixperiumt* and I henry,— 
Mo far all Mui experimental work quoted 
linrt tended to wmlinn tho 0* law closely up to 
Lonipemlurcu of (100° or 700° U Jamfimuir, 1 
however, ox lending tho work of Ayrton and 

i VhtlH. HM; 1012, XXXlv. m. 


Kilgour on linn platinum wires nearly to (1m 
melting-point of platinum, found a consider¬ 
able increase in tlm exponent of IK He hkciI 
wii’ns ranging in diainctor from (MHI-l to 
O-OfiU cm. Tho wires gave rather abnormal 
coclIicicnt.H for (..‘alienliar's formnln, eon* 
necting loinp’nrnture and resistance, namely 
U-OtKin for « and 1-72 for I), as against (MlIKli) 
and l-BO for (lie purest plntiunm. Tlm 
(omporu lures of the wires were calculated from 
tlm resistance, using tlm parabolic! formula 
to 1 100" (,'. and from 1100" to Mm melting- 
point a linear formula. It was estimated Mud, 
the temperatures were obtained within 20" at 
1000 " (!. and some 50" at 1750" (!. The length 
of wire used was about 50 cm., and a measure¬ 
ment of the current and of tin* volt drop, on 
the length of Urn wire unaffected by end cooling 
effects, served Io give both the energy supplied 
Lo, and the resistance of, tho length in question. 

For the radiation correction the figures of 
hummer and Knrllsumi us to the muissivity 
of platinum at various tempemlumi were 
used. For the smallest wire of ’001 cm. 
diameter tlm loss by radiation at WHO" C. 
was only d per cent of the total loss, whilo 
for the 'largest wire, -05 cm., it mummied to 
UK per cent. .Langmuir found that fur air the 
exponent of 0 in the Dulmig mid Telit formula 
increased from T2I to I'55 at MHO" M„ anil 
similar increases were found for nitrogen, 
carbon dioxide, and hydrogen. As u result of 
the experimental work on wires anil Hat ilium 
Langiuuir has put forward Ida " iilm theory, 
which seeks to explain in a simple but coinpre- 
hensivn way the phenomena of convection. 
He points out that, according to the kinetic 
theory, the viscosity of a gas increases with 
Mm Hijmiro root of Mm absolute loin peril two, 
mid that the thermal comhiotivity also 
inewases rapidly with temperature, while tl»o 
driving force of llm convection ourrenta, which 
1 h proportional to the dilterence in density 
in,Uveim the hot and cold gas, only increases 
(.lowly with lempcmlnre. Ifn expresses Hut 
opinion that there is a ntul-ionnry Iilm of gnu 
of delinilo thickness in uentnot with any hot 
object at high leinpomliiro, and that froo 
convention eonsisls essenliaHy of eendiietion 
through this Iilm and can lie calculated from 
tlm ordinary laws of conduction. Taking 
(Irrit the tmso of a Hat surface, Mm rate el bout 
loss per Hip cm. through the Iilm of thickness 
li would ho given by 



lc is not a constant for the big ranges of 
temperature in question, and in order to 
evaluate the integral it in necessary to express 
Jc as a function of T. This is done by using 
Sutherland's formula for change of viscosity 
■with temperature as combined with the 
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motion of the air persists up to a certain 
height, beyond which tmbuloneo sets in. A 
further series of experiments at the National 
Physical Laboratory 1 on vertical cylinders, 
• varying from 4-5 to Still cm. in height, 
showed tlio heat loss per unit area to he 



1’iu. 4. 


practically independent of the height above 
a limit of about fit) cm. It was found, too, 
the value of n in the formula hc-O" had a mean 
of about 1-25, but that it showed a tendency 
to inoronso with height—as appears in tho 
following table : 


Height of 
Cylinder 

In cm. 

Valuo of». 

Height, of 
Cylinder 

In uni. 

Value of«. 

4-0 

1-251 

58 

1-25 

8 

1-17 

88 

1-28 

lfi 

1-18 

17(1 

1-5)0 

20 

1-25 

2051 

1-514 


Tho vuluo of n for the largest oyliiulor is 
nearly It is interesting to note that, 
from considerations of Similitude, tho indox 
■f r means that the heat loss per unit area is 
independent of tho height, and, as stated 
aliovo, experiment has shown this to bo tho 
case. 

Tho law of variation of convection loss with 

1 Report on “ Ileat Transmission/’ Food Investiga¬ 
tion Board. , 


pressure of a gas can also he deduced from 
principle of Similitude provided that the 
variation of heat, loss with temperature is 
known. Tims if the value of n is taken as 

$» w« 

Acctf'-sKJ-S 

and since ( !, the limit capacity per unit volume, 
is proportional to the density and therefore to 
the pressure, wo have 

This is in fair agreement with Delong and 
Petit's experimental value of 0--I5 for the 
index, while if their value of n is taken (PS!!)) 
the agreement is even closer, giving an index 
of 0-47 instead of O-fi. 

The above examples serve, to indieato the 
use which may be made of the principle of 
■Similitude in tho treatment of the problems 
of natural convection. 

§ {/>) Conclusions on Natijiut. Con v mo¬ 
tion, —(i.) The heat loss from a hotmirfuoo is 
approximately proportional to O' 1 where 0 is 
the temperature difference between I lie sur¬ 
face ami the ambient fluid. 

This law represents with fair neoumuy tho 
results obtained experimentally for different 
shapes of surface and for values of 0 up to 
(i()0" (5., and it is in neeordanco with the 
mathematical solution given by Loren/, for a 
vertical surface, h’or very large surfaces tho 
index shows a tendency to increase. 

(ii.) The beat loss lias been shown experi¬ 
mentally to vary asp- 15 where /> is tlm pressure 
of tho gas. 

Neither this law nor tho preceding one can 
ho deduced generally by hydrodynamicsl 
reasoning or from the principle of Similitude, 
but they are mutually consistent with tho 
solutions obtained on theso lines. 

(iii.) Peelet has obtained empirical formulno 
for the effect of shape and si/.o on the heat 
loss. For any body of linear dimensions over 
about 4.0 cm. tho scale offcot is unimportant, 
i.c. the rate of heat loss per unit area is 
approximately the sumo, being about 0-000045 
0 • cals, per sq. om. per sec. j,-, u. s, 

HEAT, MECHANICAL EQUIVALENT OF 

§ (1) IIisTOMOAr,. — Tho principle of tho 
Conservation of Energy states that in all its 
forms energy romnins a constant quantity, 
howovor many transformations it undergoes. 
In other words, if energy is made to pass from 
any condition such ns that of matter in motion 
into any other condition such as moieouhir or 
oleotrieal energy, tho numerical valuo of tho 
resulting offcot doponds simply on tho quantity 
of onorgy so transformed, not on tho method 
of transformation, tho materials, time, or any 
oxternal conditions. 
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The demonstration of the truth of thin 
principle by experimental evidence tms engaged 
the attention of many investigators during the 
past eighty years, but the foundations of our 
belief may lie said to have been laid by Newton 
when lie enunciated his third law, “ Action and 
reaction are equal and opposite.” 

.Professor Tail 1 has pointed out that it is a 
matter for regret that Newton’s own explana¬ 
tion of the terms action and rctu-lion have been 
so little considered and dismissed by succeeding 
generations. There are two entirely distinct 
senses in which theso words may lie used. 
Action in the one senso is a force only, and to 
this interpretation attention is and hns been 
almost universally dirooted. 

Newton's second interpretation of his third 
law is of great importance. It is as follows : 

“ if the activity of an agent be measured 
by the product of the force into its velocity 
ami if similarly the counter activity of tho 
resistance bo measured by the velocities of 
its sovoral parts, whether theso arise from 
friction, adhesion, weight, or acceleration, 
otc., then activity and counter activity in all 
combinations of machines will bo equal and 
opposite.” 

It should bo noted that by tho velar,ill/ 
Newton meant the component velocity in 
the direction of tho force, This interpretation 
tolls us that the kinetic onorgy of a system 
is increased by an amount equal to tho work 
dono in producing motion whore tho only 
resistance is that duo to acceleration. Where 
tho work is done against friction, however, 
tho visiblo onorgy of tho system an flora decrease. 
Tho principle of tho conservation of enoigy, 
therefore, could not lie regarded as established 
unless it could be shown that tho visiblo 
energy thus apparently destroyed is propor¬ 
tional to tho boat developed against friction. 

The idea that heat is a form of motion and 
therefore of energy is no modern contrivance. 

Before tho time of Newton, Lord Bacon 8 
stated that “tho only conclusion that ho . 
could draw from tho wholo of his facts is a 
very general one, viz. Hint heat is motion.” 

Ho based this conclusion on a consideration 
of several means by which heat is produced 
or made to appear in bodies: as the percussion 
of iron, tho friction of solid bodies, tho collision 
of (lint and stool, ole, “In nil those examples 
heat is produced, or made to appear suddenly, 
in bodies which havo not received it in the 
usual way of communication from others, 
and the only cause of its production is a 
incohanionl force or impulse or mechanical 
violence." 

C/ntil tho beginning of tho nineteen til 
century, howovor, this pregnant suggestion 
Of Bacon’s appears to have attracted littlo 


1 «»Physical Science, mi. 32-34. 

blacks Leclum on UhcmUlry, i. 31-32. 


or no attention. Natural philosophers were 
retarded in their progress by their belief in 
tho theory of calorie. The existence of ut» im¬ 
ponderable, indestructible fluid termed eulorio 
was practically assumed in all discussions on 
natural phenomena. 

Count Hmnfnrd was tho lirst to question 
publicly tbo popular calorie theory, when ii 
1798 ho gave an aeomuit of his oxporiiiionts. 
Ho placed a hollow gim-motul cylinder liononth 
a blunt steel borer and observed that after 
the cylinder had made about a. thmooutd 
revolutions its temperature had risen from 
(10° to 130° I'\, while the scaly matter abraded 
by tho friction weighed only 837 grains Iroy, 
"Is it possible),” ho writes, “that snail a 
quantity of heat as would havo canned fi lbs, 
of ion-cold water to boil could have Leon 
furnished by so inconsiderable a quantity 
of motallio ilusti merely in consequence of a 
change in its capacity for heat V " 

Tho Cnlorists, however, were not convinced. 
Even when I turn ford proved that the cu pit oily 
for heat of tho solid was the same as Hint of 
tho dust, they said that, although tho heat 
required to change tho temperature of equal 
masses was the same, yet tho solid undid 
contained a greater quantity of heat than tho 
dust. 

Ilumford answered that if the limit wore 
rubbed out of the material, a time must enmo 
when all its boat would lie exhausted, whereas 
thorn was no evidence Mint such wan the uiiihd. 
Ho also proceeded with further experiment h in 
which tho metal was immersed in water, and if 
wo work out the results of those (ixporimonls 
wo find that IMO root-pounds of work would 
raise one pound of wafer through 1° R His 
final argument was ns follows: 

" In reasoning on thisHiihjeot we must not forgetto 
consider tlmt uiosl, remarkable oimiiiiiidancc, that 
the source of heal generated by friction in Hirst) 
experiments np|H>arril evidently In lie iiwx/iauuUhlc. 

“ It is hardly necessary to add. that any thing which 
any iiwilnlnl Imdy, or system of hoi lies, emi mint lima 
to furnish without limitation cannot possibly 1 k> a 
ruth rial substance. I t appears to me (u he extremely 
diflleult, if not quite impossible, to form any dint inet 
idea of anything capable of being excited unit rone 
niiinloateil in the manner in which the heal was 
excited ami nmnm union ted in these experiments, 
except it tin motion." He adds, " I am very far from 
protending to know how or by what means or 
mechanical contrivance that particular kind of 
motion in lindim which 1ms been supposed to nine 
nlitnlo heat is exoitod, cont inued, and propagates I.” 

ltumford’H work was of the highest value. 
As Professor Tail remarks, it was throng In nit 
free from that a priori stylo of reasoning 
wliioh had hilliorto boon so fatal to tho 
progress of natural science. Had Rum ford 
shown that tho heat developed by tho solution 

3 Iluiiifcrd’H Complete Works, I. 478. 
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Taiif.i: 1 

1)|RIX.T AlRTirims * 


Date. 

Observer. 

Method. 

1843 

Joule. 

Friction of water in t«I,os 



Fleet ronm-nof ic. eurron fs 

- 

” 

Decrease nf hint, produced hy a pile when tin, 
current docs work 

IS 15 

„ 

('(impression of air 

„ 

„ 

Expansion of air 

„ 

„ 

Friction of water in a calorimeter 

1817 

,, 

M »l 31 

1850 


39 ft tt 

„ 

,, 

Friction of Mercury in a calorimeter 

,, 

„ 

Friction of iron plates in n calorimeter 

1857 

Finn, 

Decrease of heal protlnccd hv a pile doing work 


Hirn 

Friction of metals 

1858 

, y 

*• 

„ 

Fftvrc 

Friction of metals in mercury calorimeter 

„ 

Hirn 

Holing of mein Is 

1850-111 

„ 

Water in friction tmlanco 

„ 


Escape of liquids under high pressure 

„ 

„ 

Hammering lend 

.* 

V 

Friction of water in two oylindora 

,i 

„ 

I'.xpnnKion of air 


„ 

Steam engines 

18(15 

12dhind 

Expansion and contraction of metals 

1870 

Viollo 

Heating of a disc between the poles of a magnet 

1875 

I’liluj 

Friction of metals 

1878 

Jo,lie 

Frletion of water 

1878 

Howland 

Friction of water between 5° and 3(1° 

1S91 

])’Arson vnl 

Heating of a cylinder in a magnetic Held 

1892 

Mieulcscn 

Friction nf water 

1897 

Hcyiuilda mid | 
Moorby I 

Friction of water, mean capacity 0° to MX) 0 
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K lloL'MimimMjiol 

■I-‘TO 

•mo 

•II13-2 
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■i:t7‘8 

‘128-0 
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'125 
<132 

•132, 433 
•125 
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'110 
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■128-3, 443-0 
•135 

425*2, 42<MI 
423-11 

•120*8. '125-8 

■121*427 

4211-84 

•12(1‘87 


8 . 


t.uu.k rr 

Tsdibkot Mrtiioim 


Date. 

Observer. 

1842 

Mayer 

1857 

(hiiutus IciliriH 

„ 

IVcbcr 

„ 

Favrc ) 


•Silbermnn 1 


Hosaclift 

1859 

Joulo 


Iloasolin 

„ 

I.cn/.-Wcbcr 

1SIS7 

Joule 

1878 

Weber 

1888 

Perot 

1889 

Dieterici 

1893 

Griffiths 

1804 

•Schuster and l 
Gannon / 

1890 

( nllcridnr and \ 
Jinnies / 


MotlUMl. 


By I ho relation of ,Jr,|)„V n a/c /l ~c y for gnscK 
Hcnfc developed in a wire of known resist alien 
Heat iluc (o clou trio eurronla 

Hunt developed hy zinc on sulphate nr copper 

Measure of U.M.F. of a Danicll's cell 
I font developed in a Danicll's ia41 
IJ.M.P. of a Dun foil'd veil 
Ifont developed in wire of known resistance 

Ily the relation I,»t( t’,-i>,)(rf;>/rf/) 

Heat of electric current* 

Klee trio current, K. and O. lining known 


Iteaiilf. 

3(15 

3!)!»*7 

• 132-1 

■132' 1 

432-1 

4111-5 

■mi-5 

. 311(1-4, 478 '2 
4211-5 
428-15 
424 413 
432*5 
427-45 

427-10 

42(1-52 
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The menu of the values given in Table I. 

» 429-1. 

Tho mean of the values given in Table If 
= 42,‘Mo. 

Mean of all=427-1(1. 

Tho extreme values aro 3(58 and 488 kilo¬ 
gramme-metros. 

It is ovidonfc that no certain conclusion can 
bo drawn from values (littering to so great 
on oxtont. Tho only safe procedure is that 
of selection. In making such n selection wo 
should bo guided by tho answer to tho following 
questions : 

{«) Aro tho temporal,urn determinations 
sufficiently accurate ? Tho answer will load 
to wholesale rejection, especially in tho earlier 
experiments. 

Tho difficulty and importance of Lomporaturo 
measurements wore not sufficiently appreciated 
until within very recent times, and, unfortun¬ 
ately, an error in thermometry is, ns a rule, 
a fatal one j for each thermometer has its 
own peculiarities and special causes of error; 
thus, no later increase in knowledge enables 
us to correct results unless the actual Ihorino- 
luetors have boon preserved and the condi¬ 
tions under which they were used fully recorded. 

Fortunately in two of the most important 
cnscs (viz. Joule’s and Howland’s) the thermo¬ 
meters actually used have boon preserved. 

In tho former, howovor, our information is 
not complete, for we aro not sufficiently 
acquainted with tho exact conditions under 
which their readings were observed by Joule. 
In the latter, a rostmidardisathm has boon 
accomplished under Howland's own direction, 
and thus tho corrections can here lie applied 
with far greater certainty. In both eases, as 
will bo shown later, tho results as originally 
published have, in consequence, undergone 
modifications which from our modern stand¬ 
point are considerable. 

(b) Has the author given us sufficient data 
to enable us to judge the probable accuracy 
of all the various measurements involved by 
his inothod of experiment ? 

In this i‘cspoot, also, tho earlier determina¬ 
tions are at a disadvantage as compared with 
tho later ones, for the importance of full 
information concerning the details of physical 
measurement has only boon generally recog¬ 
nised in recent times. 

(c) Aro we certain that the energy of tho 
bodies under observation has undergone no 
modification during the experiment in con* 
soquonoo of moloouiar changes ? 

If wo could accurately determine both tho 
ltinoiia energy expended in hammering a nail 
and also the heat developed, it is nob certain 
that tho resulting value of tho constant would 
bo correct; for tho condition as regards 
density, strain, etc., of the nail (and possibly 
of the luumnor-hoiul) might havo undergone 
voi,. i 


alteration and, in consequence of new molecular 
conditions, have gained, or lost, in energy. 

Now, we know that no permanent shearing 
strain can exist in a fluid, and if tho external 
pressure is unaltered, tho density will havo 
undergone no change except that duo to 
chnngo of temperature. Henco, conclusions 
drawn from observation of work expended in 
heating a liquid are, coder iti par thus, of loading 
importance. 

It is not necessary to enter into further 
details of the considerations which have led 
to tho selection of the experiments which are 
about to bo discussed. Suffice it to Bay that 
a careful study of tho writings of most of those 
authors who aro mentioned in these tables 
has led to tho selection from Table I. of the 
work of Joule, Howland, and Hoynolds and 
Moorby, and from Table II. the determinations 
of Griffiths, Schuster and Gnimon, and 
Oallondftr and Barnes. 

Tho results obtained by Howland, aftor tho 
revision of his thermometry, should bo con¬ 
sidered as of leading importance in tho 
estimation of the numerical vuluo of tho 
constant; while the indirect methods of 
Griffiths, and above all of Callcndnr and 
Bnrnos, enable us to trace the changes in the 
capacity for heat of water, and Uiiih render 
it possible to make a comparison of the values 
obtained by tho dilYcrcnt observers. 

if their results are expressed in gravitational 
units a comparison thereof is rendered difficult 
in the absence of knowledge as to Mm local 
value of y . Throughout the remainder of 
this article (with the exception of the (iiial 
conclusions) tho values will bo given in the 
G.G.S. system, and the mechanical work done 
oxprossod in crys or its multiplo the Joule 
(1 Joule = 10 7 ergs). 

A further advantage of this method of 
mensuromont is that wo can express in tho 
same units tho work done by an electrical 
current or by mechanical means. If our 
clectrioal units are corrcot, then when, tho 
ends of a conductor whoso iobIhIiuico is 1 ohm 
aro maintained at a potential difl'crcnco of I 
volt, tho work dono por second by the current 
must bo 10’ orgfl. Hence, if <1 bo tho coiistniit 
giving the relation between tho work done 
(in Joules) and tho heat dovolopcd (t.e. the 
mechanical, equivalent), then J = 1()’/J I, when 
II is tho number of thermal grammes C.° 
dovolopod per second. 

By whalovor method the work is done, the 
Mechanical Equivalent expressed in this sealo 
is tho numher of Joules required to raise I 
gramme of water through 1° C. Ilonco this 
number will also represent tho enpnoity for 
boat of wfttor at a givon tomporature, niul tho 
phrases “ tho Mechanical Equivalent ” and 
“the capacity for heat of water” nru 
transferable. 

2 i 
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Whatever method nf determination is 
adopted, the experimenter has two distinct 
sets of measurements to perform : 

(1) The accurate determination in ergs of 
the change in the mechanical system ; 

(2) The measurement of the quantity of 
heat generated by the complete conversion 
of that number of orga into the form of 
heat 

ft is in the second of those measurements 
that the chief difficulties havo presented them¬ 
selves. 

The measurement of the quantity of heat 
by the rise in temperature of a known innss 
of water is tho mothod which has been almost 
universally adopted from tho time that 
calorimetry became a branch of soioneo. Tho 
choice is an unfortunate ono, for not only 
is the accurate measurement of temperature 
amongst tho most difficult of all measurements, 
but also the material selected, viz. water, is 
apparently capricious in its behaviour. 

Another mothod is by observation of tho 
quantity of boat required to ohnngo tho 
physical condition of a body, ns, for example, 
a given mass of ice. The latter is ono which 
possesses tho great advantage that it is 
independent of temperature measurements. 
Unfortunately, howovor, tho density of ieo 
cannot bo regarded as invariable, and tho 
magnitude of tho unit thuB obtained is in 
some respects inconvenient. 1 

Whatever mothod is adopted, it should ho 
borne in mind that tho true primary unit is 
tho heat equivalent of one erg. 

In order that tho weight of tho ovidonco 
in favour of tho final conclusion may. ho 
rightly estimated, it is advisable to study in 
some dotail tho works of the selected observers 
above referred to. 

§ (4) Direct Experiments, (i.) ,fouler 
—Tho mechanical mothod finally adopted by 
Joule in 1878 consisted in stirring water by 
means of a paddle which was rapidly turned 
by hand - wheels, shown at d and c (/'TV/. 1); 
tho vcbscI was suspended by a vortical 
shaft b, which also carried a largo fly-whool 
/. Tho mass of tho water and tho water* 
equivalent of tho cnlorimotor wore care¬ 
fully determined, tho rise in tompomturo was 
noted on a mercury- in -glass thormomotor, 
and tho work consumed in heating the wator 
was measured by a dynamomntor, which 
consisted of nil arrangement for balancing 
tho moment acting on tho suspended calori¬ 
meter (owing to tho revolution of tho paddto) 
by a moment produced by tho tension of tho 
cords fastened tangentially to tho calorimotor. 
Tho cords passed over pulleys and supported 
weights k. If this moment is constant and 
is called JI, and if tho number of revolutions 

1 Soo Appendix IT. 

3 Scientific Payers, 1, 032-057, 


per second of the paddle is N, tho work ilono 
per secom 1 is 2 jtM N. 

In nrdor to reduce tho metallic friction us 
far ns possible, the bnso of the calorimotor 
rested on a hydraulic supporter, which e< in¬ 
sisted of two enneentrie vessels v ami 
tho space between them being filled with water. 
Tho threo uprights ail nohod to v> presHPi'* 
against tho bnso of tho oalorimotor n i' s 
red need the pressure on tho hearing nt 
nearly to store. 

Joule’s cnlorimotor had a water equivalent 
of 313-7 grammes of water at 1 0. ; tho 

mass of wutor used in an experiment was 
about 0124 grammes, ouch experiment hinted 



41 minutes, and tho observed rise in tempera¬ 
ture \yns about 2'H” 0. Tho mean of his 
results gave 772-05 foot-pounds at Mniuihosfcrr, 
as the quantity of work required to raise the 
temperature of one pound of water 1 degree 
R on Ids niereiiry-in-glusH scale at 51-(H>" F. 
Changing to the eontigmde scale and to the 
0.0.8. system, Joule’s result may he slati-d 
as follows: tho quantity of work required 
to raise tho (emporalure of 1. gramme of 
water 1 degree centigrade on his moroury-m- 
glass thermomeU-r at 1(1-5° is 4-1(17 x 10 7 ergs. 

In 1805 Tiofossor Schuster 3 com pans! 
Joule’s thormomotor with a Tonnelot thermo- 
motor wliioh had been standardised in forms 
of tho nitrogen thormomotor of the liureiui 
International at Sevres; and in this tvny 
was able to rccnloulato Joule’s value for tho 
meohanionl equivalent. Rowland also, whom 
reviewing this experiment of Joule’s, cal In d 
attontion to cor tain errors in tho determination 
3 Phil. Mat f., 1805, xxxlx. 477-500, 
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(l-5)° to (M-5)° was called tho specific heat 
nfc t° C. All corrections for losses duo to 



Fins, 2 and 3.— al> Is n vertical shaft mipportliiR ndorlmetor and 
suspended by a torsion wire. 

Axis of paddle passed through base of calorimeter anil was connected 
with shaft <•/, which whs leapt In uniform rotation by the driving ouginc. 

o' and v, weights attached to silk tapes puKshic roimd wlmel the 
couple anting on calorimeter IjcIiik thus measured (corrections being applied 
for tho torsion of the suspending wire). Tho moment of Inertia could 
be varied by means of tho weights n and r. A water - laeltet ut sur¬ 
rounded tlio calorimeter and was used for tho estimation of (he radiation. 
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MM. ChnmniiB OuiHinimu of the Bureau Inter¬ 
national, and tin; scale of his nicthonnoniotcr in 
toriiH of other thermninetm used by Inter observers 
was not known. In 1897, therefore, a aeries of com¬ 
parisons wits undertaken at the Johns Hopkins 
University between Howland’s tliermomoters, three 
Tonnelot'mercury thennomotora standardised at the 
Bureau International, and a Callendar-GrittitliB 
platinum thermometer. The result has boon a 
recalculation of Howland’s figures. In tl.o follow- 
i,w table the values for-the specific heat arc given 
ns Rowland first published them, and ns rcculculntetl 
by Day, 1 nntl by Waidncr and Mallory. 2 

Professor Pcrnct lias also endeavoured to recalcu¬ 
late Rowland's values from a careful study of Hamlin 
thermometers of the same glass nml construction as 
those of Rowland. His figures are almost cxaotly 
1 part, in 400 less tlmn tlmso determined by Day 
and by YValdner and Mallory, and in such a enso as 
this ono must Imvo tho greater confidence in llio 
direct comparisons. 


thcrmoiBctrin readings is ono which is liable to Korinas 
error, and it is possible that in the reenlc ninth ms 
hi ado by Day, mid by Waiilner and Mallory, tint 
thermometers were not used in iden'ticully tho name 
manner as they worn originally. There is no obvious 
reason, however, for believing, ns Peri to t does, Mint 
there is a systematic error in Rowland's eeHum-oli. 

(iii.) Hcyno!(I$ (mil MoorbyJ—'VUo oxporiy 
incuts of Reynolds and Moorhy am nhjt 
examples of physical work of tho higln t 
order. In 181)7 they published tin neooi 
of their determinations of tho menu H|i«ioi 
heat of wafer between 0° and 1(H)" Tlt ]0 
apparatus used was of such a nnturo tint- H 
it is not possible to convoy, in a brief desorip-t 
tion, any clear idea of tho machinery mul its 
connections; therefore attention will only 
be called to tho manner in which tho work 
was contntlled and estimated. Tho general 
idea is that of a hydmuHo bralto attnohod 


Taiii.k HI 


I 1 

Uhu'IhiuI'h 

OrlgiMnl 

VnlttM, 

Absuliita 

Scale. 

Ufcalcillatccl 

t.y Day. l'iu-1* 
Hydrogen 
Scale. 

Kamo 
rclnccl In 
Paris Kltru£cn 
Scale. 

nccalciilutcit 
t.y Wal.lncr 
Iiii.l ilnllnry. 

1’nrla Nitrogen 

HrtllC. 

°0. 

5 

10 

Erg*. 

4*212 x 10 7 
4-200 

4-190x10’ 

4-104 x 10 7 

4-105x10’ 

15 

4-189 

4-188 

4-1811 

4-187 

20 

4-179 

4-181 

4-180 

4-181 

25 

4-173 

4-170 

4-170 

4-17(1 

30 

4-171 

4-174 

4-174 

4-175 

35 

4-173 

4-175 

4-175 

4-177 


Rowland took pains to vary all tho con¬ 
ditions of his experiments ns much ns possible, 
running his engines at different speeds, using 
different thormumotors, carrying his observa¬ 
tions over different ranges and making in all 
thirty series of observations. Therefore great 
weight must ho given to his determinations. 
Tho only criticisms that can bo nmdo are 
that tho tango of 10 degrees is too largo if 
the capacity for heat at tho mean toinporaturo 
iB desired, and that tho radiation correction 
is uncertain at and above ,'10°. As Rowland 
himself says : “ Tho error duo to radiation is 
nearly neutralised, at feast between 0° and 
30°, by using tho jacket at difforent tempera¬ 
tures. There may bo an error of a small 
amount at that point (30") in tho direction 
of making tho mechanical equivalent too 
great-, and tho speoilio lient may keep on 
decreasing to oven 40°.” 

Professor Ames’s criticism on this work 
is ns follows: 


Rowland estimates his possible error at less than 
2 parts in 1000; nml, now that his thermoniotrio 
readings have been reonleulated, tho possible orror is 
.ni.ni,jy reduced to less limn I part In 1000, unless 
-as a constant or systematic) orror, wliioh is 

„T,n„l,nl,ln 1) .....In.. .1 <wt.hod of tlUikillg 


20 . 

13-230. 



Fig. 4.—This llgnrnshows Mm Hydraulic Rrnlco lunged 
with cottnii-wcml covered by lliinnol, 1,1 in brnUo 
projecting from It towards the loft. 


to tho shaft of a triple expansion 100 Imran- 
power ongino making 3(H) rovotiiturns per 
minute. 

Tho water enters tho bralto at, or near, 0° 0. 
and runs through it at mich a rale that it 
issues at, or near, 1(H) 0 O., the work expended 
on tho water lining estimated by means of a 
dynamometer consisting of a lover and weighl h 
fastened to tho brake, Tho whole of the 
work dono lining absorbed by tho agitation 
of tho water in tho brake, tho ninmont of 
resistance of tho brnlco at any speed in a 
definite function of tho quantity of water in 
it. Except for this moment tho unloaded 
brake is balanced on tho shaft, tho load being 
suspended on the brake lover at n distance 
of 4 foot from the axis of the shaft. Tf the 
moment of rcHiatauco of the brnko exceeds 
tho moment of this load tho lever rises, and 
vice verm. I Jy making this lover actuate 
the valve which regulates tho diselmigo 
from tho brake, the quantity of water is 

s Phil. Trans. Hoy. -Stoe. A, 1897. 
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continually regulated to that which is just 
required to sii|»|ntr*. the load with the lever 
horizontal, anil thus a constant moment of 
resistance is maintained whatever the speed 
of the engines. 

Tn order to eliminate as many errors as 
possible, three 11 heavy trials ” wore made in 
i succession, followed by three “ light trials,” 
Reach trial lasting (it) minutes, and the difference 
hi»i the two cases, “ licavy 11 and “ light,” of 
1 l*io “ mean work per trial ” and the diiTcronco 

the “ mean heat per trial ” wore taken as 
, equivalent. 

( In a “ heavy trial,” the dynamometer was 
1 adjusted to a moment of 1200 foot-pounds, 
and tho quantity of water rim through in the 
(JO minutes was about 1)00 pounds; in a 
“ light trial ” tho moment was generally 
(i00 foot-pounds, and tho quantity of water 
run through in tho 00 minutes was about 
475 pounds, although Bix trials were made 
with tho moment at 400 foot-pounds. As it 
was only necessary to determine tempera¬ 
tures in the neighbourhood of 0" and 100° (!., 
the results aro almost independent of tho 
nature of tho temperature scale, as all tempera¬ 
ture scales must he in agreement at tho two 
standardising points, while the temperature 
range was so great that uu error in aotual 
elevation at cither end of it would have Imt 
a small ofi'oot. Again, the large scale on which 
tho experiments wore conducted would'tend 
to diminish tho efleet of inaccuracies in the 
measurements of tho thermal loss by radia¬ 
tion, etc. Tho most minute attention was 
paid to ail possible causes of inaoouracy, and 
tlioro is no apparent constant sourco of error 
in the filial results. 

Wiiou their valuo is expressed in orgs, it 
becomes 4-18311 x 10 7 ; that is, tho moan 
capacity for bout of unit mass of water liotweon 
0° and 100° a is 44838 x ltt». 

Unfortunately tho work of Reynolds and Moorby 
does not alVord us much assistance in our efforts to 
determine tho nciluul value of (liu heat equivalent. 
Assuming the validity of their conclusions, wo know 
how many ergs (or primary units) uro required to 
raise the temperature of 1 gramme of water from 0° 
to 100° ; hot we aro unable to comparo their resells 
with the values obtained by .Tonic and Rowland, 
unless wo know thn relation of tho menu thermal unit 
over Hie range 0° (o 100° to the thermal unit at (lie 
lomperatures covered by the experiments of these 
observers. It in quite certain Dint tho number of 
primary units required to raiso 1 gramme of water 
through 1° at different temperatures is not Din namo ; 
honoo it is impossible in the present state of our know¬ 
ledge to ascertain if Reynolds and Moorby’s results 
aro coineident with those obtained by oilier in¬ 
vestigators. 

On Dio other hand, if wo assume tho validity of tho 
result obtained by Reynolds and Moorby, and 
compare it with tho numbers givon by Rowland, we 
can Had the value of tho mean thermal unit in terms 
of a thermal unit at some definite temperature; 


—A piece of information of great value when we 
remember that no uso can be inn do of the 1 tinmen's 
calorimeter methods in the absence of such knowledge, 

§ (5) In in it eot Methods.—W e nmv pass to 
the consideration of indirect mot hints, many of 
which were Brut employed by .I onic. At various 
times ho estimated the heat developed by 
electromagnetic currents, tho decrease of bent 
in a voltaic coll when the current does work, 
compression and expansion of air, etc. 

Attention 1ms already been called to tho 
great variety of oxporinionta performed by 
.Joule, and it would ho difficult to over¬ 
estimate the importance of (his variety us 
evidence Unit nil forms of energy can ho 
expressed ns heat. For the purpose of our 
present inquiry, however, viz.. tho exact 
determination of the equivalent, his indirect 
determinations aro of littlo uso. 

(i.) Griffiths,' 1888 to 1803.—Tho chief 
objects of this investigation were (!) an 
examination of tho validity of our system of 
oloutrleal units, and (2) a study of the changes 
in tho specific heat of water, as the only 
information possessed at the time was that 
drawn from the experiments of Rcgnnnlt and 
Itowlaiql. The former indicated a steady 
inerenso from 0° <J. upward, while Rowland 
found a deerenso over I,lie lunge 5“ to 30° O. 

Professor Ames wrote as follows: “IS. If, 
Griffiths of Cambridge, England, devised a 
method for the determination of the specific 
heat of water by the use of tho healing off eel 
of an electric current, which is, to a largo 
extent, free from the errors connected with 
the previous methods in which olootric currents 
wore used {Fig, 5). 

“ If a coil of wire carrying a cmrronb is 
immersed in water any one of tho three 
following methods may lie used to dolorniino 
tho onorgy spent in raising tho temperature! 
of tho wator: 

(1) Measure 3 1?, 0, and l. 

(2) Moasuro 0, It, mid t. 

(3) Measure E, It, and 1. 

“Griffiths used tho third method, although 
for many reasons it is tho most difficult. Tho 
obvious difficulty lies in tho measurement of 
R; because, unless measured actually during 
the progress of tho heating experiment, it 
is nccossary to know tho tompomturo of the 
wire and tho tompomturo coefficient of its 
resistance; and its tompomturo is nul that of 
tho surrounding water. Griffiths thought to 
obviate tiiis difficulty by making a series of 
subsidiary experiments which woro designed 
to givo tlio difforonco in tomporaturo between 
tho wator and the wiro when tho form or was 
at a known tompomturo and an E.M.F. of 

* Phil. Tram. Hoi/. Soo. A, 1803 ; Proc. 7 tot/. Soc., 
1801, lv.: Phil. Mag., 1805, si. 

* !£•= electromotive force; 0=current; R =-■*re¬ 
sistance ; rise of temperature. 
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known strength was applied to the latter. 
The resistance of the wire was then measured 
at a known temperature and its temperature 
coefficient was also measured; therefore, 
when in the course of ft heating experiment 
the temperature of Hie water was rend, the 
resistance of the wire could bo calculated. 
Chitlitlis found also that most rapid and 
thorough stirring of the water was necessary 



Fig. 5.—Section of Constant Toinpornturc Chamber In which tho 
Calorimeter was hii»|k>h<Ic<I by Class Tubes. 

ABC. Is a large steel vessel with double walls, tho annular spuco 
(printed black in flgiiro) being tilled with mercury which Is connected 
with a gas regulator by tho tube 1>. Tho fiteol vessel stood in a 
large tank filled with water, which was rapidly stirred by tho pnddlo 
Q. A small stream of water (lowed continuously Into tho tank, 
the excess passing away at W. The temperature of tho incoming 
water was controlled by the regulator which was governed by tho 
mass of mercury (exceeding 70 lbs.) within tho walls A HO. A 
vory constant temperature could thus be maintained within tho 
steel vessel. The space between the calorimeter and the steel 
walls was thoroughly dried and the pressure reduced to less than 
l mm. 


in order to sccuro consistent or satisfactory 
results. He designed a most efficient stirrer 
which mndo about 2000 revolutions per 
minute, the riso in tempornturo produced by 
the stirrer alone being in some cases equivalent 
lo 10 per cent of tho whole work spoilt in 
raising the temperature, Tho necessary cor¬ 
rection, owing to this, was ascertained by n 
series of preliminary experiments. 

“ Griffiths’ apparatus (Fig. 0) consisted of a 
platinum wire (diameter 0-004 in. {0-010 cm.), 
length 13 in. (33 cm,), resistance about 0 ohms) 
coiled inside a cylindrical calorimeter, 8 om. 
in height and 8 om. diameter, whoso wator- 
cquivnlont was 85. This wire wns heated by 
means of a current from storage cells. Tho 
terminals of the wire were maintained at a 
constant difference of potential by balancing 
against sets of Clark colls; and, whilo tho 
temperature of tho water contained in tho 
calorimeter was raised from 14° to 25° C., 
the time varying from forty to eighty minutes’ 


observations of the temperature and Hum 
were made every degree. The I0.M, IN lined 
varied from that of three to six Clark colls. 
Experiments wore made using di/tment 
quantities of water; and by taking iUj'frretti'c.x 
in the cnorgy and tho heat produced in the 
different sets, many errors wore elimiim(ed, 
and the water-equivalent of the. eahniinolnr 
disappeared from tho equation. In Min 
therefore, the method depended on tho in¬ 
troduction of 120 grains of water into (ho 
calorimeter, this being tho difference between 
tho quantities used in two trials. 

“ Griffiths measured his 
1C.M.F. in terms of (he Cuven- 
disli standard Clark eell ; Ids 
resistance in terms of the VILA, 
olnn of 1802,’ wbleli in (lie 
‘International Oilin' as do- 
fined in lStiff ; bis time by a 
‘rated’ olimnomelor; mill Ids 
temperature by a ] Hides 
mercury thermometer which 
had I men compared with a 
Cullender - Griffiths platinum 
thermometer and also with 
a Tonnolot thenuomober 
standardised at the Human 
International. In accordance 
with tho work of Glazobmuk 
and Skinner lie assumed the 
of the Clark eell nt 
15° CJ. to he 1-4344 volts, mid 
its temperature coefficient to 
Ixi 1 -|-0-00077 /). 

“Later, Schuster culled 
attention to an error of one 
part in four thousand due to 
the capacity for liou.t of tlie 
displaced air, 1 but this wns 
neutralised by the fact that 


there was a slight probable error discovered 
in the estimation of the E.M.F. of the Cluck 
colls used by Griffiths, 3 reducing the value to 
1-4342 volts at 15° C. 

“ Hence Griffiths’ final values are : 
lf>° 0. nitrogen scale, *1-108 x Id 7 ergs. 

20° „ „ 4-102 x i() 7 „ 

25° „ „ 4-187 x lO 7 „ 

11 In criticism of the method, it may lie said 
that using as small quantities of water us 
Griffiths did, always practically under the 
sumo external conditions, there is more 
opportunity than should ho for systematic 
errors and for errors due' to radiation cur- 
motions. In this connection reference numb 
be made to criticisms by Schuster 3 and to (Jus 
roply by Griffiths.” 4 

It will bo seen from this summary l»y 

1 Phil. Trims. Hoi/, floe. A, 1805, clxxxvi. 

Phil. Mag., 1805, xl. 


1 Phil. Trans. A, 1805, elxxxvl. 
1 Phil. Mag., 1805, pp. *131-10*1. 
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Professor Ames that the results of GritlilW 
work lead to the conclusion Mint {assuming 
the value of J obtained from Rowland’s 
revised experiments) there is at all events no 
error exceeding 1 in 1000 in the value of our 
eleetrieal units ; hut that thore is an indication 
of a possible error of some such magnitude 
in the electro-chomioal equivalent of silver, 
or in the E.M.F, of the Clark cell, an indica¬ 
tion which (as wo shall see later) is strengthened 
by the work of Schuster and Cannon, Kahlc, 
Patterson and Gut he. 

A oi >m pari son of the curves resulting from Row¬ 
land's work nml (irilliths’ proved that they could 
not both bo correct in their thermometry, nnd this 
of in mine excited suspicion us to any conclusions 
regarding the value of the electrical units. Tlio 
revision of Rowland’s thermometry was partly due 
to this discrepancy, und the double restandrmliaa- 
tions by different methods were, us we have seen 
(Table iff. siipra), in agreement with each other, 
while the resulting corrections caused Rowland’s 
ourvo of the changes in capacity for heat to bo almost 
parallel with Griffiths’ over the range of his ox]iori- 
monts. This parallelism did not mean that the value 
of J, obtained by tho assumption of the validity of 
tlio eleetrieal units, was coincident with Rowland’s, 
but that their remaining differences were probably 
duo to Urn nature of the calorimetric determinations, 
or to some hitherto undiscovered error ill tlio system 
of cleolrioul measurements. 

(ii.) Schuster and Gannon, 1 1805. — Those 
observers ftlao measured tlio heat developed 
by an electric mimmt when ovorooming 
resistance: but in Ibis case tlm work was 
estimated by observation of Jfi nnd (J, the latter 
by the use of a silver voltnnioter (see Fig. 7). 

The rise in temperature was determined by 
a Jlaudiii moronry thermometer, which w«h 
eoniparetl direotly with a Tonnelot thormo- 
motor standardised at' the liureau Inter¬ 
national, Tlio calorimeter laid a water- 
oquivuloni of 27 and the muss of wator tiscd 
was about 1514 grammes. The heated wire 
was of platinoid, 700 cm. lung and of about 
31 ohms resistance. The E.M.F. was pro¬ 
duced by storage cells, and was constantly 
balanced againsL twenty Clark cells. The 
resulting current was in the neighbourhood 
of 0'9 ampere, and passed in sories through 
a silver voltameter consisting of a silver plate 
and a platinum bowl 0 om. ill diameter and 
4 om. deep, whoso woiglit wns approximately 
04 grammes. An experiment lasted ton 
minutes, during whioh about 0-50 gramme of 
silver was deposited, and tlio temperature) of 
the water was raised about 2-2° 0. All experi¬ 
ments woro performed in the neighbourhood of 
10-6°. Tho final result is the mean of six ex¬ 
periments which agree closely with oaoli olhor. 

Tho result of their investigation gives— 

' Capacity for heat of water at 10T° C. on 
nitrogon scale = 4'1905 x 10 7 orgs, 

1 Phil. Trans. Hoy. ,S‘oo. A, 18111), clxxxvi. 


These experiments woro conducted with the 
skill and accuracy which we necessarily associate 
with tho name of Professor Schuster i “ Never¬ 
theless ” (to quote Professor Ames again), 
“ there arc seve¬ 
ral criticisms 
whioh may 
bo offered 
to this re¬ 
search. There 
was only one 
voltameter used 
throughout, and 
none of the con¬ 
ditions were 
varied. The 
radiation correc¬ 
tions woro most 
carefully con¬ 
sidered, but no 
details arc given 
of tho stirring or 
of any correc¬ 
tion for it. 

Griffiths in his 
investigation in¬ 
sists strongly on 
tho need of 
thorough, not 
to say violont, 
stirring. 

“ These fuels 
make the final 
result uncertain 
to an extent 
whioh it is diffi¬ 
cult to estimate, 
hut which prob¬ 
ably is not 
largo. lf, a ns 
seems prohahlo 
from the work 
of Kahto and 
Patterson nml 
Guthc, tlio elec¬ 
tro-equivalent of 
silver is 0 001110 
instead of 
0-001118, Schus¬ 
ter amlGannon’s 
value for tho 



Ido. 0.—.Section of Calorimeter 
showing the stirring nrningc- 
monls at .1) by which tlio 
water was drawn through the 
bottom of (Ini cylinder AJi, 
and thrown against the roof 
of tlio calorimeter. 

Tho platinum coll Is not shown 
In this section, ns it wns wound 
In a horizontal circle placed near 
tho base of tho vessel, tlio rnclc on 
which It was wound being mip- 
snpcifm heat at Fv the mil Indicated by 

,o i 1 the dotted lines to tho right of 

19'1 becomes tlm thermometer bulb. At tho 

4-180 x 10 7 • and top of the stirrer-shaft Is shown 
. c tho counter which recorded the 

if a consequent number of revolutiims. 
error of ono part 

in a thousand is made in tho assumed value 
of tho of fchoir Clark cell, tho oorreoted 

result is 4-185 x 10V’ 

Pertain other possible onuses of alight hmcournoics 
present IhoiiiHolveB. Tlio form of stirrer adopted 

This is not borno out by the later determinations 
of the electro - chemical - equivalent. The value 
0-001118 Is now adopted. 
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was a plunging one and tlio onlorimeter was not air¬ 
tight. It is probable that the correction for tile 
latent heat of evaporation (luring a rise of tempera¬ 
ture exceeding 2 3 C. might bn appreciable. The 
authors refer to this matter ns follows: “ Evapora¬ 
tion will produce a certain amount of cooling of the 
calorimeter, if that is not perfectly enclosed ; but 
unless the rate of evaporation changes with the 
temperature, the effect will only he a lowering of 
temperature by a constant quantity. The rnto of 
cooling can only he affected by evaporation in so far 
ns it increases with the temperature, and since for 
small changes it would vary as a linear lunation of the 


through a fine tube in heated by it steady 
electric cuiTont through a cent nil cnmducl.m - 
of platinum. The steady difference of tom porn - 
turo botwean the inflowing and outflowing 
water is observed by moans of a different,in I 
pair of platinum thermometers at either end. 
The bulbs of theso thormomotors are sur¬ 
rounded by think copper tubes which, by 
their conductivity, servo at once to equal fan 
the temperature, and to prevent the generation 
of heat by the current in the immediate neigh¬ 
bourhood of the bulbs of the tbcrmornotei'H, 



temperature, any error duo to evaporation is elimin¬ 
ated by the cooling correction.” 

Tlio International Committee on Electrical Units 
and Standards, in their report January 1912, 1 state 
that tlioy arc unanimous in (ho conclusion “that 
voltameters in which filter paper is used ns a septum 
lead to results which are too large." 

Messrs, Schuster and Gannon slate that the silver 
plate was 11 protcoted by filler paper.” 2 
It is nlso necessary to remembor that Schuster 
and Gannon did not trace the valuo of tlio secondary 


Tho loads CO servo for tho introduction of 
the ourront, and tlio leads l'P, which are 
oarofully insulated, for the measurement of 
tho difforonco of potential on tho central 
conductor. The llow-tubo is constructed of 
glass, and is sealed at either end, at Homo 
distance beyond tlio bulbs of the thermometers, 
into a glass vacuum jnohot, tlio function of 
which is to diminish as much as possible 
tho external loss of boat. Tho whole is 



enclosed in nn oxtornnl 
copper jankot (not 
shown in the figure), 
containing water in 
rapid oireulation at a 


unit over any appreciable range of temperature, all 
their observations being confined to a riso of about 
2-2° C. in the neighbourhood of 10° C. 

(iii.) Callendar and Barnes . 3 —-Tho following 
description is oxtraoted from a report by 
Professor Callendar to tho British Association 
in 1809: 


“ The general principle of tho method, ai 
the construction of tho apparatus, will 
readily understood by reference to tho dingrn 
of tho stoady-flow electric Calorimeter givi 
m Fig. 8. A steady ourront of water flowii 

, ’ International Com. on Electrical Units, Wnshln 
to 2 n^'ernmont Printing Office, 
a nJ' Trans, Son. Soa. A, 1805, p. 122. 

exeix. R00 ' S0C “ 1000 ; PhiL Trans - R °V- Soc - ■ 


oonHtant tom pera turo 
maintained by moans of a vory delicate 
electric regulator. 

“ Noglooting small corrections, tho general 
equation of tho method may bo stated in tho 
following form : 

" Tho difforonco of potential E on tho central 
conductor in measured in terms of tlio Clark 
coll by moans of a very accurately calibrated 
potontiomotor, which servos also to measure 
tho ourront C by tho observation of tlio 
difforonco of potential on a standard resistance 
R included in tho oirouit. 

"The Clark colls chiefly employed in this work 
wore of tho hermetically sealed typo described 
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by the authors in i.lio Proc. Jtny. Hoc., October 
1H!)7. They wore kept immersed in a regulated 
water-bath at 15° C., and have maintained 
their rolativo difi'eroneoH constant to one or 
two parts in 100,01)0 for the Inst two years. 

“ The standard resistance R consists of four 
bare platinum silver wires in parallel wound 
mi mica frames and immersed in oil at a 
constant temperature. Tho coils were an¬ 
nealed at a red boat after winding on the 


Clark colls 



I'm. 0.—Diagram of tho Electrical Connections. 


mica, and nro not appreciably heated by the 
passage of tho ounoiits employed in tho work. 

“ The time of flow l of tho mass of water M 
was generally about fiftoon to twenty minutes, 
and was recorded automatically on an cleetrio 
chronograph reading to -01 second, on which 
tho seconds wore marked hy a standard clock. 


difference was probably in all cases accurate 
to -001° C. This order of accuracy could 
not possibly have been attained with mercury 
thermometers under tho conditions of tho 
experiment. 

“ The external loss of heat H was very 
small and regular, owing to the perfection 
and constancy of tho vacuum attainable in tho 
sealed glass jnckot. It was determined mid 
eliminated by adjusting tho electric current 
so as to secure the same rise of tom pern lure 
do for widely differont values of tho watov- 
flow. 

“The great advantage of tho steady-flow 
method as compared with the more common 
method in which a constant muss of water 
at a viniform temperature is heated in n 
calorimeter, tho temperature of which is 
changing continuously, is that in the sternly- 
flow moth oil tlioro is practically no change 
of temperature in any part of tho apparatus 
during the experiment. Tlioro is no correc¬ 
tion required for tho thermal capacity of tho 
calorimeter ; the external heat loss is more 
regular and cor tain, and there is no question of 
lag of' tho thermometers. Another incidental 
advantage of great importance is that the 
steadiness of the conditions pormitH the attain¬ 
ment of the highest degree of neourany in tho 
instrumental readings. 

“ In work of this nature it is mengnisecl as 
being of tho utmost importance to be able 



Phi. io. 


“ Tho lottor J stands for tho number of 
joules in one onlorio at a tomporatnro which is 
the mean of tho range dO through which tho 
water is heated. 

“ Tho mass of water M was generally a 
quantity of tho order of fi00 grnmmos. After 
passing through a cooler, it was eolleotcd and 
weighed in a tarod flask in suoh a manner as 
to obviate all possible loss by evaporation. 

“Tho range of temperature do was gonornlly 
from 8° to 10° in the series of experiments on 
the variation of J, but other ranges wore tried 
for the purpose of testing tho thoory of tho 
method and the application of small correc¬ 
tions, Tho thormomotors wore road to tho 
ten-thousandth part of ft degree, and the 


to dotoot and eliminate constant errors by 
varying the conditions of tho experiment 
through ns wide a range ns possible. In 
addition to varying tho electric current, tho 
water-flow, and tho range of temperature it 
was possible, with comparatively little trouble, 
to alter tho form and resistance of tho central 
conduotor, and to change tho glass calorimeter 
for one with a different degree of vacuum, 
or a dilToront boro for tho flow-tube. In nil 
six different calorimeters wore employed, and 
tho agreement of tho results on reduction 
afforded a very satisfactory test of the 
accuracy of tho method.” 

In 11)02 * I)i\ Dames published a very full 
1 Phil. Trans. Hoy. ,S’oo. A, cxclx. 
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account, together with a discussion of tho 
results. 

His fiiniI value at 20° 0. of the nitrogen 
scale is 4-478 >: 10 ; ergs. He assumed tho 
Clark cell value as 1-43325 International volts 
nt 15° 0. and tho true olmi as 1-0135S Ik A. 
units. 

§ (()) C'O.MVARI.-jON Of Results : 


the valuo of a, obtained by Hnssehu’s reduction 
of Rcgnnult’s experiments 1 was almost uni- 
veraally accepted, and tho changes in tho 
specific heats of other bodies than water were 
in nearly all eases, dependent thereon. 

A study of Regnault’s paper,- however, will 
lead to tho conclusion that Regnault, with 
two exceptions, performed no experiments 


T.v in,n IV 


Capacity for Heat or Water per I® op the N Tjihumomuthu 


I 

Name. 

Method. 

Standards. 

Joule .... 

Mechanical 

■ • , 

Howland 

.. 


Jteynolds and Moorby . 

„ 

• . 

Griffiths .... 

15 j 

Electrical —. 1 

f f’lark cell = 1 - 1.112 

1 International ohm 

Schuster and Gannon . 

E. C. 1 

f Clark poll 1 -1310 1 

1 El. Ch. 10. of Ag-0-001118/ 

Barnes 

E. C. t 

/Clark coll««1-4333 
\Ag=0-001118 


Results. 'IViiipi-rntuie. 


Hi-fi 0 

1 ( 1 ° 

Ifi 

20 

25 

moan cnlorin 
lfi D 
20 
25 

10 - 1 ° 

10 " 

ir» 

20 

25 



•IllOfi 


Tho disoropanoy between tlio values given 
in the above table is, in reality, much less than 
would appear from a casual inspection. .Before 
coming to any final decision, it is necessary 
to study tho evidence regarding tho variation 
in tho capacity for heat of water, and in this 
connection to consider also such cvidenco ns 
wo possess which is independent of any 
determinations based upon tho transformation 
of energy. Again, discrepancies arising from 
^jho iliRcrout' v allies assigned to tho Clark 
-"■coll by tho observers must bo taken into 
account, 

§ (7) Tub Variation- in tub Cava hit v 
i-or Heat of Water due to Changes in 
Temperature. —Throughout this section O, 
indicates the number of orga required to raise 
1 gramme of water through 1° of tho hydrogen 
scalo at a temperature of 1 ° C. 

( -^* e specific heat <r t at any temperature 1° 
C. is the ratio CrfCg, whore 0 is. some selected 
standard temperature. It is evident that tho 
value of at thus ascertained is not affected 
by macouraoies in tho magnitude of tho 
electrical unite, hence tho peculiar valuo of 
such methods for tho determination of its 
change consequent on change of temperature, 
ihus, although electrical methods may bo of 
secondary importance when the object is 
tho determination of the numerical values 
tll0 >’ aro “I primary importance in tho 
attempt to trace changes in the value of <j, 
consequent on changes of temperature. ! 

Until the publication of Rowland’s work ' 


concerning the specific houfc of water below 
107° a, and these wore only made with (h 0 
viow of testing the working of tho apparatus, 
and that Hogmudt himself attached no import, 
nneo to thorn. After dismissing his results 
over tho range 107° to 11)0° ()., j„, atated what 
would ho tho nature of tho variation botweon 
0° and 100° if deduced by extrapolation of the 
experimental curve obtained at the higher 
range. 

Hossoha disoussod- Rognanlt’s experiments, 
made soverai small corrections, found an’ 
equation which in his opinion closely repre¬ 
sented the results over tho rnngo 107°’to 190°, 
and then assumed that the expression held 
good down to 0° (j. 


It hns boon nccoAiiary to dwell upon this matter, 
for succeeding investigators who have endeavoured 
to lied the specific heat of various bodies nml also 
tho ohnliges therein willi olmngo of temperature 
lmvc, m general, reduced their results to a slnndnnl 
temporaturo by those extrapolated values. Ileuco 
llie majority of their conclusions require tho revision 
rendered necessary by our knowledge that the changes 
m ff, (hirer both in magnitude and in direotion from 
tlio changes nt higlior to mj mm hi res. Unfortimatclv 
suoli revision is rarely possible, as the required data 
aro not usually given, for tlio observer has Imd such 
confidence in llegnanlt’s supposed values that ho 
lias considered thorn uimcoossary. 

Rowland’s conclusion (1H70) that, so far 
from increasing, tlio value of a, deoreased 
with nso of temporatnro up to about 30° 0. 


* ij 000 -. A«»., 1870, p. nio. 

-Kcgnnult, Mdmoircs de l Acad., 1817, xxi. 720. 
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lias boon confirmed by the work of Griffiths 
(range 13° to 27°) and Cnllendur and Barnes 
(1° to 99°). 

Tho changes in tlio specific heal lmvc been 
dotonnined by Bnrtoli and Stmeeiati 1 and 
Lndin . 2 In both crises the conclusions were 
arrived at by the method of mixtures, and 
aro therefore independent of all energy 
measurements. Barloli and Stmeeiati devoted 
nearly nine years to Ihoir investigation ; they 
not only mixed water with water, but also 
with mercury and several metals. Their 
thermometry was bused on the standards 
supplied by the Bureau International, and 
their results aro given in a formula containing 
tlio third power of L They find a minimum 
about 20°. The diflieulties of this method are 
considerable, and a careful examination of 
their experimental numbers lends to the 
conclusion that tho discrepancies between 
individual experiments are too great to allow 
of oii.r attaching much authority to their final 
values. 

A very lino aeries of determinations by the 
same method was made by Lndin in 1890. 
This investigator was able to take ndvnnlage 
of many of tlio recent advances in tlionnomotrie 
measurements, and bis work is of a very high 
order. Pornot has written a very full criticism 
of this work, and Lndin in Ins reply introduces 
a fow corrections. 

Tho following valuos (Col. IV.) of 07 in 
terms of <r , 0 are those given by Hr. .Barnes in 
Phil. Trans, lloy. Hoc. A, exeix, 252. 


Taui.k V 


I. 

Temperature, 

II. 

—- (Air .Scale), 
trill 

HI. 

O’, 

--(IlyilroKon Scale). 

r. 

1*0053 

1*0052 

15 

1*001)3 

1*0000 

25 

•oimi 

•0075 

35 

•1)074 

■0007 

45 

•01)70 

•01)07 

55 

•0085 

•0075 

05 

■0007 

•0080 

75 

10010 

1 •01)00 

85 

10024 

14)018 

05 

i'Oo:i7 

1-0033 


For the purposes of comparison with tho 
results of other observers theso values havo 
in Col. HI. been expressed in torms of <r 15 
instead of a i6 . It appears that Dr. Barnes’ tem¬ 
perature soalo is that of tho constant-pressure 
air thermometer. Ovor tho range 0 ° to 100 ° 0 . 
this Bonlo is in close agreement with that of 
the nitrogen thermometer j tho numbers in 
Col. III. aro expressed in the hydrogen scale, 
the reduction having boon effected by the 
tables given by M. Ohappuis. 

IhibMler, 1801, xv. 701. 

1 [biit., 1807. 


The following table summarises the result 
of the observers above referred to, over the 
range 0° to 35° of the hydrogen scalo : 

Taui.k VI 


Vai.uks or tub Si'boikio Heat of Water 
ukfuiikki) to that at 15° as Unity 


Ttfinjjfr.i- 
l nr-o l»y tin* 

Uydrtq'cil 

Tluiriiiir 

liiclcr. 

Kiauliiliri 

IVirl.ill 

nlial 

Stm.iliill 

(IVimtl. 

Clrllll tlii. 

l.nAlii. 

L'iilU'iiiUr 

mill 

Ilnur*. 

0° 

i 


(1 41080) 


(1*0051) 

(1*0084.) 

•) 

:i 

• • 

1 (1050 


1-0035 


4 


52 


31 


5 

(1 -0042) 

411 


27 

1 0052 

<1 

1 -0030 

40 


23 

45 

7 

31 

34 


111 

38 

8 

20 

28 


10 

32 

0 

23 

23 


13 

20 

10 

10 

18 


10 

21 

11 

14 

13 


« 

10 

12 

10 

00 


fl 

11 

13 

07 

or. 

1 •01)0(1 

4 

07 

14 

03 

02 

03 

2 

03 

15 

1 -00110 

1 4)000 

10000 

1-0000 

1 -01)00 

1(1 

0*1)000 

04)01)8 

04)01)7 

0*1101)8 

04)111)7 

17 

1)3 

07 

111 

1)7 

1)1 

18 

IK) 

no 

01 

1)11 

1)0 

10 

80 

1)5 

88 

115 

88 

20 

83 

04 

85 

04 

85 

21 

81 

03 

82 

03 

83 

Od 

71) 

03 

71) 

113 

80 

23 

70 

111 

78 

02 

77 

24 

74 

1)5 

73 

1)2 

75 

25 

72 

1)7 

70 

1)3 

74 

20 

71 

1)8 

04)088 

03 

73 

27 

01) 

1 41000 

• • 

III 

72 

28 

01) 

02 

■ • 

1)4 

71 

20 

OR 

05 


1)5 

70 

no 

117 

10 


00 

00 

ai 

07 

10011 


1)7 

on 

32 

07 


• I 

08 

08 

33 

07 

. . 

» • 

ill) 

(18 

34 

07 

, , 


1-001)1 

07 

35 

0-01)00 



1-0003 

0-0007 


Values in lirnckots obtained by oxtrn|>olntlon. 


For tho jmrpoBcs of our final reduction of 
tlio values of tlio mcolianioal equivalent to a 
common standard, tlio rnngo from 10“ to 25° 
is of spooinl importnneo, and the agreement 
botwcou tlio values obtained by Itmvlnnd, 
OrifTIUis, and Callendur and Bnrnes nmy lie 
regarded ns satisfactory (greatest difference 2 
in 10 , 000 ), especially when we remombor tho 
difforonco in the methods of experiment, wliloh 
may bo sunimariaeri ns follows : 

Howland .—Meohnnioul work dono against 
friction of water, tho revised results lining 
dopondont on tho thermometry of the 
Bureau International. 
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Griffiths. —Work done* by an electric current, 
the data being 13 and It and the ther¬ 
mometer standardised by platinum 
thermometers and also by the standards 
of the Bureau. 

Ciillemlar anil Banins. — Electrical methods, 
data being E and 0, and the thermomofcry 
the differential platinum method. 

The methods adopted by Bnrtoli and Strac- 
ciati and hud in were similar in principle, 
Although differing in detail, henco it might 
be expected that their results would hnvo been 
in closer agreement than those obtained by 
the other observers. Such, however, is not 
the cnsc. At 10° they differ by 8 parts in 
10,000, and at higher ranges by ns much as 
14 in 10,000. 

It appears unlikely that tho skill ami 
patience shown by these observers can he 
exceeded, and it is probable that the method 
of mixtures presents peculiar difficulties and 
uncertainties which are absent in tho energy 
determinations. 

These considerations have led to tho adoption 
of tho following tablo for tho reductions to 
soino standard temperature: 

Table VII 

Values or <r, over the Ranoe 10° to 20° or tub 
Hydrogen Thermometer in Terms or tr ^ 

Toinpoi'fllure, 

10 ° . 1-0020 

15 1-0000 

20.-0984 

23..MJ72 

By moans of tho curve thus obtained wo 
can now reduce tho values given in Tablo IV. 
{supra) to a common toiuporaturo. 

Table VIII 

Capacity for Heat or Water at 20 s C. 

OF THE HyDUOOEN SCALE 

Joule.4-I70x 10 7 

Rowland.4-182 x I0 7 

Griffiths.4-193x10’ 

Sohustor and Qannan . . . 4-100x10’ 

Callondar and Barnes . . .. 4-18C x 10’ 

The doubt as to tho exact conditions under 
which Joule used his thermometers compels 
tho omission of his value, 

§ (8) On the Accuracy or the Values op 
the Electrical Standards assumed by the 
Observers.—P rofessor Ames 1 in 1000 wroto as 
follows; 

“ In regard to the electrical standards, it 
must be observed that no meaning can bo 
attached to tho ‘cleotro-oliomical-cquivalont’ 
of silver, unless tho construction and uso of 
tho voltameter are most carefully specified, 
anil oven then there is considerable doubt 
unless several instruments are used in series. 

1 Conan's International <le Physique, Paris, tomo 1. 


This fact is well shown in (ho recent work of 
Richards, Collins and Heim rod at Harvard 
University, and of Merrill at .Johns Hopkins 
University. Tho former deduce from n 
comparison of their porous-jar voltameter 
with other forms of instruments that the 
olcctro-chomicnl equivalent with their instru¬ 
ment is 0-0011172 grain per see. per ampere; 
while Patterson mul Outlie with their instni- 
inont find 0-0011193. If, however, tho sumo 
voltamotor and tho same method of use are 
adopted in tho experiments on tho electro- 
chomioul-eqiii valent and in the wo on tho 
li.M.F. of a Clark coll, the value of (ho hit-tor 
is independent of tho value assigned to the 
former. For this reason Ruble's value of 
tho JC.M.F. of the standard ('.‘lark cells of the 
Reich sanstalt (1-4325 volts at 15° 0.) is prob¬ 
ably correct. The Cavendish Laboratory 
standard cell has boon compared with the 
Gorman ones; its resulting value is 1-4329 
at 15° 0., and tho later investigations of 
Patterson and On the would reduce this to 
1-4327. As Griffiths used the value .1-4342 
and ns the E.M.I<\ enters into tho equation 
to the second power, tho necessary correction 
would bo almost exactly two piu-ts in one - 
thousand. 

For tho inothod used by Sohustor mid 
Gannon, where both tho F.M.F. and tho 
current aro measured, a correction may bo 
noourutciy applied to tho U.M.F., but not to 
the current, us it is not known what amount 
of silver one ampere should deposit in their 
voltamotor; but if we assume Unit tho 
correction in both eases is 1 in 1000, these 
results also would bo reduced by 2 parts in 
1000. Tho correction assigned is probably in 
the right direction. 

“ Tho colls used by Callondar and Barnes 
liavo not Im-oji compared with thoso of tho 
Jtoielisanstult, and no * correction ’ can ho 
applied with cortainty. 8 Tho figures used 
above 3 are probably in excess." 

Messrs. Ayrton, Mather, and .Smith in 1005-7 
mmlo u careful redotormination of the umporo, 
Tho inquiry was conducted at the National 
Physical Laboratory undor the supervision of 
Sir Riohurd Glnzohmok. 

A very perfect form of current weigher was 
constructed, and tho authors wrote: “ Tho cur¬ 
rent woighor has proved to be the most 
perfoot absolute electrical instrument hitherto 
constructed, and has enabled us to dotonnino 
the ampere to a very high degreo of noouraoy.” 1 
The work was conducted with a skill and care 

* IForo tho value of tho current was obtained by 
measurement of It/E, where It was a slnndnrd reslat- 
"i 1 }’ 0 ' fc I® somewhat diftlcnlt. to estimate (he. ptob- 

aolo effect of tho elmndo In (lie equivalent ef silver 
in tho absence ef certain knowledge concerning the 
comynrntwe value of Cnllcndnr and Barnes cc-fla, In 
terms of tho Rayleigh coll, 


\ forrecllim of 2 parts In iOfll). 
Pint. Trans. Hoy. Soo. A, ccvll. 408. 
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i marks the investigation as ft nolablo 
*ibillion to Physical Science, 
o results nlfnrd the data fortlio dotenniua- 
of tlio E.M. I'\ of the Clark call, 
o authors’ non elusion is as follows: 

/nine for Clark eel I at 1/5° C. = l*432 fl ” 
0 C. 

e valuo assumed by Crifliths was 1-4342. 
o value Assumed by Barnes was 1-4342. 1 
<! valuo ussuined by Sohustor and Gannon 
1-1340, 3 and the value of tlio electro- 
ioal-equivalent of silver=-001118. 

)) Final Values.— Assuming tlio valuo of 
1-432.,, and applying the resulting cor¬ 
als to tlio numbers in Table VIII. supra, 
•esults are as follows, tlio temperature 
: 20° C.: 


Taiit.k IX 

viand , 

Htlis . 

tinier nuri (liunion . . 

(Midar and Itarnos . 


4-182x10’ 
4-184x10’ 
4-180x10’ 
-1-181 X.10’ 


Mona . . . 4-183 10’ 


issnr Ames, in Ids criticism given supra, 
•sis a further roduotion of 1 part in 1(100 
i value obtained by Schuster and Gannon. 
i also take into consideration tlio other 
•taintics referred to supra, it appears 
ililo that a eorreotion of the order of 
KKK) is applicable. 

this is done, the final results are givou in 
allowing iiililo : 


Ta ui.it X 


lAi'Aorrv von Heat or Watf.ii at 20° ft 
ok Tim Hviiiuxibn iScat.k 


.vJniul . 
fUllui . 

uster and (Jammu . 
lendnr and Hnmcn . 


4-182x10’ 
4-184x10’ 
4-182x10’ 
4-181 x 10’ 


Mean . . . 4-182x10’ 


order to obtain the most probable values 
at other temperatures, wo own proceed as 
v«: 

:>m Table VI. supra wo obtain tlio moan 
-a of (‘.ye,,, given by Cols. I., III., V., over 
ango 0° to 3B°. 

:>m 3f)° to 10(1° wo must bo guided by tlio 
•vations of Callender and Barnes. Wo 
,hns dedmio the valuo of Cj/Co over tlio 
a range. Assuming tlio value of Co at 
given temperature, wo can thou obtain 
'allies of C t at other temperatures, 
oonvnimmt standard tompomturo for 
ary conditions is 17°-f> 0., and tho value 
4-185 x 10’. 


a rues in Inter tables gives Hio value of tho 
in lea I equivalent resulting from tho nssump- 
hnt K-1-43325. 

Ml. Trans. Hop. Sou. A, 1805, p. 420. 
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Tho value obtained by Reynolds and 
Monrhy for “tlio mean thermal unit” was 
4-1833 (supra). A study of tlioir tables 
shows Hint, tlin actual range was—on the 
average — from about l°-3 to 100° 0. An 
inspection of Tablo XL shows that the rate 
of variation of a, is very rapid near 0° 0. and 
a probable valuo of <r,/<r„. 5 is about 1-008. 


Taiilg XI 


Temperature 
on ll. .Scale. 

Oil). 1. 

<r/. 

Col. If. 

Cr. 

0° 

(1-0083) 

(4-220) x 10 ’ 

r. 

5-1 

•207 

10 

27 

■106 

15 

7 

•188 

20 

•0002 

•182 

26 

78 

■177 

30 

75 

-175 

36 

74 

■174 

40 

73 

■174 

45 

74 

•174 

no 

77 

•175 

55 

81 

•177 

110 

87 

•170 

or. 

03 

•182 

70 

1-0000 

•185 

76 

7 

•188 

80 

15 

•101 

86 

23 

•MM 

UO 

31 

■108 

05 

40 

•202 

100 

(1-0051) 

(4-200) 

Mean 

1-00033 

4-180 


This approximate eorreotion will only raiso 
Iloynolds and Moot-by’s value to 4-184. This 
differs from tho mean of tho mimbors in 
Col. II. by 1 part in 2000. The correspondence 
is remarkable, anti greatly increases tho prob¬ 
ability of tlio aconraoy of tlio conclusions nt 
which wo have Arrived . 3 

'L’licso oonolusions limy bo summarised as 
follows: 

Assuming tlio Standard Thermal Unit ns 
tlio energy required to raiso 1 gramme of water 
from 17° to 18° 0. on tho Paris Hydrogen 
Scale, or ono-flftli tho amount required to 
raiso it from 10° to 20° 0. on tho same 
aoalo, thou tlio Standard Thermal Unit 
= 4-180 x 10’ Enos. 

Tlio following resulting values may bo found 
useful! 


5 This close correspondence between tho valuo 
of 0 ( 7.5 and tho '* mean thermal unit'" is in many 
ways n convenience. l>‘or example, wo arc enabled 
to ox press tho value of thermal measurements 
obtained by Bunsen's calorimeter In terms of tlio 
standard unit, and that with sufficient accuracy, 
for Professor Nlcliolls lias shown that tlio variations 
In tho dciiBity of loo sometimes amount to 2 parts 
In 1000. 
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Assuming g— 081: 

1 kilogram-degree 0. — 42<i-f> kilogram metres. 
1 pound-degree C. = 4/»3-Ci~ 1 ;if)S)*fi ft.-lbs. 

1 pound-degree F. = 252-0 = 777■(> ft.-Iba. 

Assuming </= 081-2, its value at Greenwich, 
these values become 420-4, 1309-5, 777-5. 

In latitudo 45°, assuming y= 980-02, they 
become -120-7, MOO-3, 777-9.' 

APPENDIX I 

The following are the values of the constants which 
have been employed in llio final comparison of tho 
values of Cj 7 . 5 found 1 ) 3 ’ tlio selected observers. 

l'ruo ohm = 1-01358 B.A, units. 

Electro-equivalent of silver= 1 -1182 per coulomb. 
Weston cadmium cell, 0x11 = 1-01830 at 17° C. 
Weston cell temperature coef., 

E,-=E| 7 — 3-lf>x 17)—0-OfiG x I0- B (<-17)>. 

- Clark cell. Ox 11=14323 nt 15° 0. 

Clark cell (emperature cnef. between 0° and 30° 0., 
E,=E,j -1 -200(1 -15°)- -00(12(1 -15°)*. 

APPENDIX II 

THE THERMAL UNIT 

Professor Howlands' views on this maltor are 
expressed in the following letter! 1 

Johns IIoi-kwh Ukitcrhitv, December ID, *1 
As to the standard for heat measurement, it iB to 
bo considered from both a theoretical ns well ns a 
prnoticnl standpoint. 

Tlio ideal theoretical unit would lie that quantity 
of heat necessary to melt one grammo of ice. This 
iB Independent of any system of thermometry, and 
presents to our minds tho idea of quantity of heat 
independent of temperature. 

Thus the system of thermometry would have no 
connection whatever with the heat unit, and tlio lii-sfc 
law of thermodynamics would stuiul, ns it should, 
entirely independent of the second, 

Tlio idea of a quantity of heat at a high temperature 
being very different from the same quantity at a low 
temperature, would then be easy and simple, Liko- 
wiso wo could treat thermodynamics without any 
reference to temperature until we came to tlio second 
law, which would then introduce temperaturo nnd 
the way of measuring it. 

From a practical standpoint, however, tlio unit 
depending on the specific heat of water is at present 
certainly tlio most convenient-. It has been tho ono 
mostly used, and its valuo is well known in lermn of 
energy. Furthermore, the establishment of institu¬ 
tions where it is said thermometers can ho,compared 
with a standard, renders tho unit vory avnitablo 
in prnctioo. In other words, this unit is a hotter 
practical ono at present. I am very sorry this is so, 
because it is a very poor theoretical one indeed. 

Hut ns we can write our text-hooks ns wo pleaso, 
l suppose that it is best to neenpt the most prnolienl 
unit. This I conceive to bo tlio bent required to 
rniso a grammo of water 1° ft, on tho hydrogen 
thermometer at 20° 0. 

I take 20° hecniiso in ordinary thermometry the 
room is usually about this temperature, nnd no 

1 Ji.A. Report, Liverpool, 1800. 


reduction will bn necessary. However, 15° would 
not be inconvenient, or 10° to 20". 

As I write these words I have a feeling that T may 
bo wrong. Why should we coniimm to touch in 
our text-hooks Unit heat bus anything to rlo with 
temperature ? It is decidedly wrong, and if 1 over 
write a I ext-book 1 shall probably use the ice unit, 
Hut if I ever write a scientific pn per of nil experimental 
nature, L shall probably use (lie other unit. 

_ I-!. II. O, 

I-IMAT, TRANSFER OP, HETWEKN CALORIMETER 
and .Tajik kt, in Method op Mixtures: 
this may take piano by conduction, con- 
vnotion, radiation, and evaporation, and is 
eliminated from tlio final muilt by tho cool¬ 
ing correction. See “ Calorimetry, Method 
of Mixtures,” § (fl) (i.). 

II bat, Units op. Sco “ Thermodynamics," 

§ (2); “ Heat, Moohunioul Equivalent of," 
§§(«). (9). 

Hioat-aooodnt von a Real Fuooksh. Seo 
“ Thermodynamics," § (44). 

HKAT-nnor. Soo “ Thermodynamics,” § ( 38 ). 

Meat-engine : 

A machine which absorbs a certain quantity 
of heat ut a high temperature an<l dis¬ 
charges a smaller quantity of heat at a 
lower temperature, tho difference between 
those two quantities being converted into 
work. Soo “ Thermodynamics,” $ ( 1 ). 
Working Substance in. Soo ibid §' ( 7 ), 
Heat-plow in Cylinder Wai.i.s, Sec 
“ Engines, Thormodynniiiies of Internal 
Combustion,” § ((12). 

JIbat Transmission to Fluids plowing in 
Hot Metal Rifes. Soomiokon’s Expm-i- 
> meats. Sco “ Friotion," § (39). 

10/Toot of Surfivoo ‘Friotion, Sen ibid ij (-10). 
Hbat Transmission retwekn Solids and 
Fluids flowing ovkr them. Thom-y 
of Osborne Reynolds, Soo “ Friction 
§ (30). 

N.P.L. Experiments. Soo ibid § (40). 
Hioatino op Charge entering Cylinder 
op Internal C'omruhtion .Engine. Soo 
“ J'InginoH, Thermodynamics of Internal 
Combustion," §jj (<53)-(H5). 

Heavy Oil Engines, Son “Engines, Intomnl 
Combustion,” § (13) ct ,icq. 

IIkle-Siiaw Pump. Sco “ Hydraulics,” § ((H). 
Helium, Speoifio Heats op, tabulated values 
obtained by School and Houso, Soo 
" Oalorimot-ry, Electrical Mothods of,” S (15). 
TabloIX. 

Helmholtz’s Free Energy op Tiibhmo- 
dynamio System. Son “ Thermodynamics," 
§(51). 

Henning, detailed investigation over tho 
rango 0° to -200° 0. of temperature of 
tho comparison botweon tho readings of tho 
hydrogen gas thormomotor and the platinum 
rcsistanoo thormomotor. See “ Resistance 
Thormomotors,” § (17). 
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HENNING, 3113ASU11 BATKNT 01’ LATENT Heat OF 
Water. Seo “ Latent Heat,” § (8). 

High-speed Steam Engines. Sco “Steam 
Engine, Reciprocating," § {7). 

Hioir Temper at it he Melting-points, Ex¬ 
trapolation of tho Seale of the "Platinum 
Thermometer for the Determination of. 

. See “ .Resistance Thermometers,” § (18). 

High Vacuum Technique. Sea “ Air-pumps,” 

§ m 

Higher Pairs, For definition see “ Kine¬ 
matics of Machinory,” fj (2). 

Hodgson Kent Steam Meter. See “ Motors,” 

Vol. III. 

Hoists, Hydraulic. Sco “ Hydraulics,” 

§(G8). 

Holiiorn and Day, 189!), comparison of gns- 
thermometors with secondary standards of 
temperature in range n00° to 1(100°. Sco 
“ Toinporature, Realisation of Absolute 
Scale of,” § (80) (x.). 

Holborn and Kuklhavm, modilioalion of 
disappearing Jilnmont tyjio of optical 
pyrometer by addition of objective and 
eyepiece. Sco “ I’yromotry, Optical,” ij (9). 

Holborn and Valenti nek, 100(1, comparison 
of gas-thormomotor with secondary stan¬ 
dards of temperature in range 000° to 1(100°. 
Seo “ Tom])orature, .Realisation of Absolute 
Scale of,” § (99) (xiii.). 

Holiiorn and Wien, 1892, comparison of 
gas-bhormomotors with secondary standards 
of temperature in tlin range 500” to 1000". 
Sco “Temperature, Realisation of Absolute 
Scalo of,” § (80) (ix.). 

Homogeneous Head of Steam. Sco “ Steam 
Turbine, Physics of,” § (1). 

Hooke’s Law : a fundamental assumption of 
tho thoory of elasticity, which assorts that tho 
relation lie tween stress and strain iH one of 
direct proportionality j this was discovered, 
by Hooke, in 1878, to bo representative of 
actual materials, and expressed thus: IJt 
tensio sic, vis . Sec " Elasticity, Theory of," 

§ OH- 

Horizontal Gam . engine, Typical. See 
“ Engines, Internal Combustion," § (5). 

Hornueoweu’.s Engine. Sco “Steam Engine, 
Rcoiprocating,” § (12), 

Hornsdy-Akuoyd Oil-engine. Seo “ Engines, 
Internal Combustion,” § (14). 

Hull Efficiency and Wake Fkaotion, Sco 
“ Sliip Resistance and Propulsion," § (47). 

Humphrey Gas-pump. Sco " Hydraulics," 

§ (42). 

Hyatt Dynamometer. Soo “ Dynamo¬ 
meters," § (fi) (ii.), 

Hyde’s Experiments on the Effect of 
Pressure on the Viscosity of Liquids. 
Seo “ .Friotion,” § (7). 

Hydraulig Gradient. Seo “.Hydraulics," 

§ ( 20 ). 


Hydraulic Mean Depth, The depth which 
the volume of water contained in n pipe 
would have, if contained in a rectangular 
channel with a flat bottom of tho same area 
us the wetted walls of Oho pipe, Seo 
“ Hydraulics,” § {2/»>. 

Hydraulic Ram.' See “ Hydraulics,” § (18). 
Hydraulig Transmission • Oompacne 
Hydraulic G BAH. See “ Hydraulics,” § ((H). 
Hydraulically - braked Machines. Seo 
11 Hydraulics," § (( 10 ). 

Hydrauuoally - driven Machines,. Seo 
“ Hydraulics,” (j (f>7) c.t set /. 

HYDRAULICS 

1. Natural Souhokh of Power in IV at eh 

§ (1) Water Power. —During recent years 
there has taken place throughout the world 
a great development in the utilisation of tho 
natural resources of water, and the reasons 
arc not far to seek. On the one baud, there 
has been a growing consciousness that a 
plentiful supply of (bis element in the basis 
of all sanitary science, ami on the other, 
tho necessity of substituting, ns a source of 
power, coal mid oil fuels because of f hoir 
increasing costliness by the utilisation of water. 
These two fuelers have eombitiod to givo a 
special and mortmain); importance to tho 
(|UchUoii of water supply. 

The problem from tho point of view of tho 
domestic supply is, of enurse, not a now one, 
having ongngcul the attention of every civilised 
nation, ancient or modern, hut until tlin 
nineteenth century it was solved along tlin 
line of lonst resistance and tho employment 
of high pressures was ovaded, The needs of 
tho modern city, added to tho demands for an 
adequate supply of water power, buvo accord¬ 
ingly given a nmv direction and impetus to 
the study and pmolion of Hydraulics. 

§ (2) Source of Water ,Supply, (i.) Pre¬ 
cipitation nr Rainfall. —Precipitation, embrac¬ 
ing >ih it does the fall of min, dow, snow, and 
hail, is the main source of all water supply, 
and is usually studied under tho general term 
of rainfall. Tho supply is derived almost 
onfiroly by evaporation from tho surfaces of 
tho various oceans and seas which cover tho 
gcoator portion of tho earth’s surface, and 
doponds upon tho radiation from tho sun and 
the capacity of the atmosphere to contain the 
moisturo ovaporated. 

As might be expected. Micro exist great 
irregularities in the evaporation, and thoreforo 
in the rainfall of largo arena. Tim eoutimioiis 
current of heated air which ascomls in tho 
region of the tropics and flows towards tho 
poles carries with it a full complement of 
moisturo and distributes it wlion temperature 
and other physical conditions determine. 
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The precipitation of the moisture iu a district 
varies greatly with ils situ a lion, the configura¬ 
tion of the siiiTounding country, its altitude, 
and the direction of the prevailing winds. 
Where the latter nro charged with moisture 
through crossing large tracts of open wafer the 
rainfall on the first high ground encountered 
will naturally ho heavy. 

On the other hand, the rainfall of a district 
is small if the prevailing winds traverse a 
largo tract of land and thus becomo depleted 
of their moisture. An example is obtained 
if a straight lino ho drawn from the east 
coast of the United States at latitude 35° to 
a point on the west coast at latitude 45°, 
the variations of rainfall with longitudo being 
na follows : 


Longitude. 

Rainfall. 

Longitude. 

Rainfall. 

76° 

50 in. 

107“ 

14 in. 

7!) 

45 „ 

115 

15 „ 

37 

•to „ 

119 

15 ,. 

or. 

30 „ 

123 

60 „ 

103 

17 

125 

100 „ 


The observed rainfall of the Forth valley 
above Quoenaforry affords an excellent illustra¬ 
tion of the effect of altitude on precipitation. 

There tlio values vary from 28 inches at 

Deviation from Mean Annual Rainfall 


h 


-20 

-23 

-30 

-33 

MO 

-40 

-DO 

V -° 8 
' -CO 


fl 


m z 
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mm 


iSF 
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o i a a o 


elevation of nearly 2000 feet the precipitation was only 
nlxnil. 20 inches, the wind, deprived of the great bulk 
of its moisture burden, being then comparatively dry, 

(ii.) Annual Variiilions of HainfttU .—Tn 
addition to the very unequal distribution of 
rainfall from point to point and area to area, 
gioat irregularities occur from year to year 
over the same area. 

If over a long-series of years a selection is 
made of the wettest year on record it may fie 
expected to have a rainfall of 61 per cunt 
above the average, while (ho driest year will 
ho 40 per cent below. There is thus a range 
between the two equal to 1)1 per cent of the 
moan mutual rainfall. When the average 
rainfall of the two consecutive wittiest years 
is taken it. will he about 36 pur cent above the 
mean, and that of (ho two driest 31 per cent 
below that amount, with a range, therefore, 
of 66 per cent of the moan rainfall. .If tho 
period lie increased to three oonsccutivo years 
the average for fhe wottosfc years will bo 1-27 
and for the three driest years (1-76 of the mean. 

FUj, l, which is taken from tint paper lead 
by Sir Alexander It, Hinuio before the 
Institution of Civil Knginceis in 1802, on 
“Average Annual Rainfall," shows how (ho 
deviation from the mean annual rainfall 
of the avorngo rainfall over a number of con¬ 
secutive yoars diminishes us the included 
consecutive period increases, 
until after about thirty-five 
years it approximates to Uie 
total menu value. 


16 20 
ConsoctUluo years 

Fid. 1. 




Qucensforry (sea-level) to a maximum of 
110 inches at a height of 2300 feet above 
sea-level at the western end of Loch Katrine 
somo 50 miles distant. 

These numbers do not represent Um exlromo 
precipitation values, which range from practically 
nothing over the deserts of Africa to ns much ns 
(iO() inches in tlio Himalayas. 

A striking case of unequal distribution of rainfall 
is supplied by tlio rainfall of Western India. At 
Bombay at sea-level the rainfall is nbnut 70 inohos : 
at a station situated on tho Western Ghats about 00 
miles distant 510 inches was nolmdly measured. 
Farther weafc but atill on tlio Dcncan plateau at an 


From this figure it may lie 
observed fliat it is possible to 
havo a aeries, say, of Hvo eon- 
Hcmilivo years in which tho 
rainfall amounts to only 34 per 
cent of the mean fall of tho 
district, a eiroumslnnoc which 
possesses special niguiflenneo 
when oulmilnting the possi¬ 
bilities of (ho supply of water 
to lie obtained. 

(iii.) Srueonirf Van'iilions of 
lhnnfaU. .fn the temperate 

climate of (lie British Isles, 
where fhe year cannot lie 
divided sharply into dry and 
wot seasons, tho monthly rainfall forms (ho best 
means of comparison between one period of (he 
year and another. Fij. 2 has been prepared from 
the Groemvioh rooordn of tlio years from 13(11 to I KO I, 
and shows Hint, February, March, and April are low 
months of less than 2 in. full; that .Tanuary, May, 
and Juan are normal mouths j that the final six 
months are high months; and that the maximum 
variation above mid below does not exceed 25 per 
cent of the average monthly value. 

Tlio rainfall on the Western Glints, already men¬ 
tioned ns an instance of irregular distribution over 
neighbouring areas, is also an excellent example of 
seasonal variations. Tho bulk of (lie rain hero falls 
generally in three periods; tho Host burst, lasting 




HYDRAULICS 


407 


pel'!laps fourteen clays, occurs early in June; then 
(lie big monsoon from about the middle of July to t-lin 
middle of August,mid the final hurst during September 
and Octobor. During eighty (lays trill in. has been 
measured at one of tho gauges on these hills about 



3000 font a bo vo tlm sea, tho greatest weekly full 
being 110 in. Only a few seatloml showers, 
amounting on tho average (o about 3 in., foil 
during tho dry season, which consists of tlio remaining 
mouths of l ho year. 

§ (3) Rain OauokS.'—T ito avtirago ruin full 
on a oil toll ment iiroa in estimated by ruin 
gauges. 

It is obviously impossible to construct a 
rain gauge which shall in nil oases catch all I ho 
rain that falls. It is however pound)In, by 
a duo regard to tlio selection of a site, to the 
method of fixing, and to tlio proper main¬ 
tenance of and regular attendance on the ordi¬ 
nary standard gauge, to ensure that valuable 
information is avnilublo concerning tho rain¬ 
fall on a given catchment area. As many 
gauges ns possible must bo used, and these 
situated in places representative of tho 
diflcront elevations and cnnditioiiH to bo 
mob with in the district under investigation. 
In order that the cycle of variation may 
bo complete it is suggested that gauging should 
oxtoud ovot: thirty-five years or thorohy. 

§ (4) Oatohmknt Aiwa. —In estimating the 
I>OBsibilitios of a wntor -supply from a oortain 
district it is neoessary nob only to ascertain 
tlio rainfall but also to arrivo at the extonb 
of what is known ns tho catelmient area or 
gathering ground available for the supply. 
This comprises all the country tho dminago 
of which converges to the point selected as 
the distributing contre of flic supply. Tho 
area is usually expressed in acres or in square 
miles of 040 acres. Its extent may bo 
measured from a topographical map, if such 
is available, showing the watershed and 
divide, along which drainage for adjacent 
areas separate. Otherwise a close approximn- 

1 See " Meteorological Instruments, 1 " Yol. Ill, 
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tion may l>o found on an ordinary map by 
marking tho area boundary ns passing midway 
between the apparent heads of tributaries 
of neighbouring watercourses draining into 
different stream systems. 

§ (f>) Voi.umk or Rainfall.—T lio volunio 
of water falling ns rain nil that area will then ho 
given by tlio product of the catchment area 
into the annual rainfall, Since one aero 
contains 43 t r><K) square feel, a rainfall of l in. 
on I acre represents a volume of 11(130 cubic 
feet or 22,(122 gallons. 

§ ((>} 11 UK -OFF. —While rainfall is the source 
of all water supply its volume is not tlio direct 
measure of tho quantity available for a required 
supply. When rain falls upon tlio ground a 
portion sinks into tho soil: tho remainder 
rims oil tho surface into the catchment basin 
or remains for a time on tho surface. Tho 
quantity which passes into tho ground depends 
upon the conformation of tlio surface, and tlio 
porosity, depth, and degree of saturation of 
tho material comprising it. Part of tho 
ground water continues to sink and linnl'ly 
finds its way to the nearest stream valley, 
but part is retained by the roots of vegetation, 
being converted into cellular fibre or exhaled 
its vapour from vegetation or from the surface 
into tho atmosphere. If nil tlm water which 
is consumed by vegetation or which is 
vaporised from the surface is included in the 
term evaporation, then tlio volume of water 
available for a required supply will bo tho 
volume of tho mil)fall on the catchment area, 
less tho volume of evaporation over tho sumo 
area. When this quantity is expressed ns the 
volunio which passes a given point continuously 
it is tormod tho flow. 

. § (7) UvAi’OilATKitf. —An approximation to 
the flow may bo deduced from tho diflorcnco 
between tlio rainfall and tho evaporation if 
theso nro known. Tlio latter may bo computed 
on the basis of monthly ratios to rainfall, which 
vary according to tho requirements of vegeta¬ 
tion, tho capacity and condition of ground 
storage, and tho temperature. Tlio monthly 
rate of evaporation is represented by the 
expression 

«=«-}■ hr, 

whore a and h have values which ohnngo with 
tlio month, from about '2f5 ami 0-1 in January 
to 3-0 and Owl in July for « and l> respectively, 
while a is tho monthly evaporation and r tho 
corrcspiuuling rainfnl 1. 

A (cmpomturc correction in nw *' - 

tho values obtained dr alow 
with a given mean atm- 
to dotnrmmo those fc 
Tho values dotcrmiii- 
e nro multiplied by 
by (-05 i - c), when! I 
and c is a constant v> 
unity when l equals 111 

2 K 




498 


immAULiGS 


§ (8) Around Storaob. —Tho undulations down the sum of tlio estimated evaporation 
of llie surface of the drainage area exorcise and tlio meusmed run-oil'. Whom tins final 
nn important influence upon the distribution ordinates full below All a flow from tlio ground 
of the flow. Evidently the storm run-off storage takes plaeo, and where the balance 
will he ‘'renter from u hilly country than is in favour of the rainfall the. ground storage 
from flat tablelands, and the rainfall remaining benefits. The lower portion of tlio diagram 
available for ground storage will bo corns- represents the variation in Hie ground storage, 
apondingly smaller. Then the degree of saturation being complete during only four 
absorption and run-olf largely depend upon months. 

the geology of the drainage area, since tho § (ft) (.Thjoimo or Stkmam Flow. —While it 
percolosity of tho ground determines its is possible, as has been shown, to deduce (lie 
storage capacity. Whore a rock ledge is at the total run-off or stream lh>w from a drainage 

area from the difference of rain¬ 
fall and the computed evapora¬ 
tion over that urea, tho exact 
determination of the supply 
available from day to day and 
month to month can only he 
obtained by a system of stream 
gauging. The method adopted 
will depend upon the volume 
of water which has to bo 
measured. 

(i.) Notr.h tM a a ,1 u ram a »In. — 
When the stream is small, 
measurement by notch or weir 
can banned. Tho weir isgencrnlly 
const moled of plunks and ( ho 
notch is formed in an iron plate 
screwed to it, und may he either 
tho right-angled triangular type 
(for small quantities) or root- 
angular. Tlio weir and face of 
the notch must he vertical and 
perpendicular to the direction 
of tlio stream, with n clear 
discharge into the air. If flio 
notch is rectangular the sill must 
. ho horizontal and of a length 

the rook, Cmundcmblo attention has also been not less than three times the head above tho 
paid of Into years to the influents) of Horn notch measured to still wafer. Fig, 4 shown 
ami culture on rainfall and flow. Forests and tlio arrangement of a standard sharp-edged 
vegetation do not probably afleofc tho total weir. 

rainfall, hut they certainly cause it to full JA>r accurate work measurements of tlio 
moro uniformly. By protecting Oho ground 
from tho direct heat of Hie sun evaporation 
is retarded, tlio air immediately overhead is 
kept ooolor, thus increasing its power to oon- 
donso tho moisture in heated and saturated 
air at a higher level and so steadying (ho 
rainfall. Wooded country compares favour¬ 
ably with cultivated land, us the many obstruc¬ 
tions to tlio storm run-off in fhnbored ureas 
result in a larger proportion finding its way 
into tho ground storage. Then tho requiro- 
moiit of moisture for treo growth is consider¬ 
ably less than that of eropsi very little surplus head taken in a flowing stream are inadmissible, 
being nvailablo in the latter enso for run-off To minimiso the.ofteot of oscillations of tlio 
during tlio growing season. The effect of the surface and to avoid tho disturbance produced 
ground storage m equalising tho flow is shown by an immersed ohjeot in the stream a woll 
by the diagrams of Fig. 3. Tlio measured should bo made at u suftloiont distance behind 
monthly rainfall in inches is set up from tho the woiv in the bunk of tlio stream and 
baso AB, and from tho resulting curve is sot connected to it by a pipe opening out 
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Fig. r>. 


flush with tho approach channel and at 
right angles to t-lio direction of (low. Tlio 
required head i.s the height 
of the surface of.tho wafer 
in this well above tile 
level of the sill or the 
bottom of the voo. 

This height may ho con¬ 
veniently measured by 
means of an anchored float 
carrying a scale and rising 
and falling in contact with 
a fixed index whoso lovel 
is known, or carrying an 
index which moves over 
a fixed scale. A nioro 
exact method is that of 
the honk gauge shown in 

Fiy, r». 

A hook is attached to 
the lower end of a divided 
scale, and its position may 
bo adjusted by means of screw till tlio point 
of the hook is just visible at tlio surface of 
the water. If the indox to 
the scale has boon fixed to 
show zero when the water is 
level with the sill, then tlio 
head may he read directly 
on the scale liy the aid of a 
vernier. 

(ii.) Hcelanijidtir Notch. — for 
IicikIm above (1 in., where tlio 
bottom anil mid coal ructions are 
free ami where (lie length of crest 
is great or than three times the head, values in oloso 
agreement with experiment are given by tlio b'ranuls 
formula, 

^l> - I ^ IL« mil), ft, per sec., 

whom Q is tlm illiioharge in cubic feet per second, 
If is (he head in feet, b the limulth of tlm notch, 
and n is tlm mimher of end conlvaotions, dm bottom 
being supposed to lie free In every case. 

(iii.) Triangular Notch .—Let If be Urn head of 
water above tlio 
_ vortex l* of the notch 
(Fig. (1), then assum¬ 
ing tlm velocity of 
llow at any depth .r to 
he given by \Jitj • x 
It cun readily bo 
shown that dm dis¬ 
charge Q==‘l'28(! tail (d/2)11?, where 0 is tlio angle 
included ImLvecn the sides of tlm nuldi. 

A right-angled notch was found by Professor 
'Ten. Thomson to have a condiment (! of tlio mean 
value of -fSIKl with a variation for a rnngo of heads 
from 2 to 7 in. of less than 1 per uont, and is 
tlio form usually adopted for measuring small 
quantities. Tho formula for tlio dischargo over a 
right-angled veu notch therefore becomes 

Q--=2’f5!!0I!t oub. ft. jiersee. 


§ (10) Velocity of Flow. —For larger 
streams or rivers tho weir is too cumbrous 
and costly (o lie used ns a temporary measuring 
contrivance. It is then necessary to obtain 
the mean velocity of llow which, multiplied 
by tlio cross-sectional area of tlio stream, gives 
the discharge Q. .Experiment shows that tho 
motion at any point in an open channel is 
nover steady and uniform, and that its velocity, 
if near tlio surface, may vary by 20 per cent, 
and if neat' flic find, by 150 per cent in a short 
interval of time. This constitutes the diffi¬ 
culty of obtaining the mean velocity with a 
reasonable degree of accuracy, and the mean of 
many observations is required. Two methods 
may ho used : floats and current meters, 

8 (If) Floats. —Those arc classified into 
surfaco, sub-surface, twin, and velocity rod 
types, ami arc illustrated in Fig. 7. 

(i.) Surface flouts (a) are made of any light 
material painted to bo easily soon, but not 
projecting more than an inch above tlio 
surfaco in order to minimisn the effect of tho 
wind. Tlio wind eft'eot, tugothor with tlio’ 




tondenoy of the flouts to follow any cross¬ 
current or surface eddy, render tho results 
obtained very ml reliable. 

(Ii.) Sub-surface floats ( b) consist of a small 
surfaco float from which a lower float is 
suspended, tho length of connection being 
adjusted so that the latter may remain at any 
required depth. In theory tlio vclooity of 
tlio lower strata should bo indicated, but in 
prnelico this is not realised, tlio relative 
position of tho lower float varying with I lie 
direction and velocity of tlio wind and with tlio 
length of connection between tho two floats. 

(iii.) Twin finals (c) usually consist of two 
spheros coupled together by means of wire, 
tho lowor ono weighted so as to float vertically' 
bonoatli the surface one and as near tho 
bottom as practicable. With this adjustment 
tho velocity' of tho flout will ho approximately 
tho mean velocity of tho vertical column of 
water in which tlio instrument floats. 

(iv.) Velocity rods (d) nro light wooden rods 
or tin tubes made in adjustable longtlis and 
weighted at ono end with lend strips or wire 
to float upright, tho lower end boing ns near tho 
bottom ns praotioablo. Tho volooity of tho 
rod is approximately tlio namo as tho mean 
over its depth and probably gives the nioro 
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reliable measurement nf tlio mean velocity 
of the stream oil the vertical in which it 
floats. 

To carry out the operation of gauging 
by means of floats it is necessary to select a 
straight stretch of channel of about 200 feet 
in length, ns nearly uniform as possible in 
section aiul containing no obstructions. Two 
cross - sections nro ranged out by wires 
stretched from bank to bank, if the width 
will allow, and 100 feet apart; these should bo 
perpendieulor to the direction of flow. A third 
line is usually stretched midway between those 
two. If the observations are to refer to 
different dopths and different distances from 
the centre of the stream tlio wires should ho 
divided up into corresponding sections of, 
say, 10 feet intervals by attaching bigs of 
different colours. Tho floats are placed in 
the water about 50 foot above tlio upstream 
gauging section, the locus of their passago 
through tho gauging area being noted by 
lino markers and the times of entry and exit 
recorded. Where tho width of channel does 
not permit of this being done tho positions of 
tho floats may be fixed by tho use of a theodo¬ 
lite measuring angles from a base lino marked 
out on tho bank. 

§ (12) Current Meters.— Current motors 
may consist of an arrangement whoroby tho 



volooity is determined cithor from tho revolu¬ 
tions of a revolving part rotated by tho 
current or by a modification of the l’itot tube. 

Typioal examples 
of tho former 
are: 

(i.) Amslcr cur¬ 
rent meter, whore 
tho revolving 
part oarries holi- 
ooidal vanos 
mounted on a 
horizontal axis 
(Fig, 8), and 
(ii.) Price cur¬ 
rent meter, where 
p ia< a sories of conical 

cups is mounted 
on arms revolving round a vortical axis (Fig. 0). 

„„„„ t1 ,„ j H fittod with a guido 

-mdiculftr to tho 
“ i number of 


revolutions is usually indicated by a nmke- 
and-break contact in an electrical circuit. 

(iii.) Tho Pilot tube 1 method is well adapted 
for uso with tlio highor velocities common 
in pipe flow to which its uso is more confined, 
and is discussed in tlio section dealing with 
that How. 

§ (13) OaIjTiuiation of Meters is usually 
effected by suspending tho motor from a 
travelling carriage, which tmvs it with a 
uniform velocity through still water at a 
depth of about 2 feet. Tho time over tho 
measured length, and the mini her of revolu¬ 
tions of tho meter, nro recorded by means of a 
chronograph and form a rating (able. When 
in uso tho motor should he suspended in a 
similar mnnnor to that adopted during its 
calibration, as tho speed of revolution lias 
been shown to vary with tho degree of freedom 
permitted. 

Tho motor may be used by holding it 
suoecssivoly at cortain points in a cross-section, 
or, alternatively, by keeping it in motion 
during the wholo period of its immersion 
and moving it uniformly from tlio surfaeo to 
tho bottom of tho channel in a sories of vortionl 
or diagonal lines. Tho latter method is not 
nearly so accurate ns tho formor, Observa¬ 
tions taken at points six-tenths or mid-depth 
in a sories of equidistant verticals, the moan 
volooity in each of those verticals being 
found by applying a factor, arc capablo of 
giving reliable results. 

Simultaneously with tho volooity observa¬ 
tions, soundings should bo taken from whioh 
tho oross - section of tho stream can ho 
ascertained. 

Front tho data thus obtained is oonstrnetcil 
a rating table showing tho relation at a given 
point between tho height of water, referred to 
some permanent bench mark, and the discharge 
of tlio river. 

§ (14) Ayeraok Water Sirm.v AVAir,Aiu,w, 
—Gaugings nro not as a rule available over tho 
period of thirty-six years which has been 
suggested ns necessary for complete informa¬ 
tion, but a ratio between tho How of tho 
stream and the rainfall over tho area may bo 
established if one complete year’s record of 
tho former is known, .By means of this ratio 
tho How during a sequeneo of years may 
readily bo deduced from rainfall records, and 
tho average water supply available bo 
determined, 

§ (15) Net Water Supply. —The reliable 
procedure is to find tho year of lowest annual 
rainfall during a oyolo of, say, fifteen years 
and to establish tlio daily How during this year, 
comparison being made with tho year of actual 
gaugings on a bnsis of tho effective rainfall, 
after allowance) for evaporation 1ms been 
made. Alternatively, tho general mean annual 
i Sco 5(2-1) (ID. 
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8oni*oo8 by making uho of at least a portion of 
tho largo ami wasting Hood waters, and serves 
to bring thorn under control, thoroby obviating 
destruction to property and sometimes to life 
whioh may otherwise result. 

§ (18) Stouaciij Oapaoitv. — Tho storage 
capacity which it will be necessary to provide 
will depend not only on tho proportion of 
flood wator compared to tho low flow intended 
to bo stored, but will bo principally a fleeted 
by tho duration of tho longest period of dry 
weather, which may not necessarily bo a period 
entirely without rain. In this climate, whore 


impounded water passing below, round tho 
ends, or over tho top of the work. 

(i.) IJnrthen Duma. — Formerly tho usual 
typo of dam was the earthen omlmnkmont, 
(jP ity. 10) with its ooro of tough, impervious 
clay or puddlo-wnll carried to a miflioienb 
depth to onsuro perfect union with an imper¬ 
vious stratum. This was backed on either 
Bido by lmrdor and less water-tight materials, 
tho inner slopes being covered with atone 
pi tolling to provont tho wash of the waves 
from injuring tho earthwork. For embank- 
monts of moderate height tho inclination of 
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the surfncc is usually l! to 1 on the inner or 
water side, and 2 to l on the outer slope, 

(ii.) Masonry Dam. — The earthen dam, 
where properly constructed, has been very 
successful, but the tendency in modem 
practice is to adopt the masonry dam, at least 
where the height of the wall exceeds 80 feet. 
The structure may be of coursed masonry, or 
of concrete mass, or of concrete reinforced 
by steel, the necessary condition of stability 
in eneb case being a continuous rock 
foundation. 

§ (20) Outlets. —The outflow of fcho water 
under proper control was usually provided for 
by iron pipes, or stone or brick culverts 
carried through and under the earthwork of 
the embankment. Failures have frequently 
resulted from the leakage of water along the 
surface of these outlots, or from the fracturo 
of the out let caused by excessive local pressures 
or unequal settlement. The latest and best 
constructed reservoirs have outlets which are 
entirely disconnected from the embankment, 
and consist of tunnels formed of masonry, or 
reinforced concrete, placed in an adit which 
has been regularly mined, the lino adopted 
being oithor round and clear of the end of 
the embankment or at a considerable dopth 
beneath its lowest point. 

For the regulation of tho flow tho cntranco 
to the culvert or the tunnel is best commanded 
by a valve tower, which may bo provided with 
sluices on the outsido and contain in tho 
interior an upstand pipo connected with tho 
outlet main, and having valves at dilYoront 
levels, so that dolivory may take place from 
near tho surface, and therefore ho ns free from 
suspended matter ns possible. 

•Syphon outlets are sometimes used whore 
the dopth of water docs not oxcccd 27 or 28 
feet. The discharge pipo may be carried up 
the inner slope over tho top of tho bank and 
down tho outer slopo, or it may be laid along 
tho solid ground from the toe of the inner 
slope round tho end of tho whole work, as in 
tho case of the tunnel outlet. Valves are 
necessary, both at the innor and outer ends of 
tho pipe, the latter being at a level sulhoicntly 
low to ensuro that flow will be maintained 
against tho friction of tho pipo. To guard 
against tho accumulation of air at tho summit 
of tho pipe, valves suitable for tho ox true ting 
of air and tho charging tho pipo with water 
must be provided, 

§ (21) Settling Tank.—I n order to allow 
for the settlement of sediment and tho 
interception of floatage a "residuum lodge” 
or settling tank is formed at tho entrance 
of tho a torn go reservoir. Sluices or valves 
are provided, so that tho discharge from tho 
settling tank may bo passed into tiro reservoir 
or diverted into a by-channel and thence 
passed into tho waste watercourse. This 



latter alternative is adopted when it is con¬ 
sidered inadvisable, either because of flood 
discoloration or similar reasons, to permit 
tho water to pass into storage. A device 
which effects this automatically is the leaping 
weir. When the flow is normal tho catch- 
water channel, 
situated just be¬ 
low' and nt right 
angles to the 
supply stream, 
collects it entirely 
and conveys it 
to the reservoir. 

When in flood, tho velocity of flow' becomes bo 
great that tho water misses the collecting 
oliannol and passes on to waste ( b'itj, 11). 

§ (22) Waste Wkik. —Since the heaviest 
floods experienced often occur after a season 
of rain, when in all probability tho reservoir 
is quite full, it is necessary to arrange for a 
waste weir to deal with a quantity of water 
equal at least to tho entire flood of the drainage 
area. In earthen dams it should lie kept 
distinct from the embankment and formed in 
a cutting in tho solid ground at one of ils 
oxtromitics. Tho flood water carried of! 
should ho conveyed by the waste watercourse 
to tho stream bed below in such n muntior 
us not to injure the stability of tho structure 
of the dam. Whore tho construction is in 
concrete or masonry the spillway may form 
part of tho wall. 

§ (23) Flow in Pipes and Oi>hn Channels, 
In tho construction of a distributing system 
for a proposed supply tho important factors 
to ho determined include tho volume of wnlor 
to be passed, the minimum sizo of pipo or 
section of channel requisite for its conveyance, 
and also the conditions involving losses of 
head and the magnitude of the latter. Tho 
choice between pipes and n form of open 
conduit or tunnel will depend on whether the 
water is to be convoyed under pressure or 
not, and largely on tho nature of tho country 
to bo traversed. Frequently in large works 
use is made of both methods. 


§ (2-1) Velocity op Flow in Pipes.— Many 
methods liavo been devised for tho measure¬ 
ment of velocity and volume of flow in pipes. 
Tho most accurate is that of collecting tho 
discharge during a definite time in n calibrated 
tank, but this is only suitable whon tho 
discharge) is small. 

(i.) Chemical Method .—For low-fall installa¬ 
tions, whore largo quantities of water have to 
bo dealt with, use is increasingly being made 
of tho ohemioal or titration method, in which 
a given weight per minute of ft chemical is 
introduced into tho supply pipo and fcho 
quantity present at some point nearer the 
exit is aftorwarda determined and tho rato 
of flow deduced. As recently developed this 
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method is suit! to give results which uro 
accurate to within l-o per cent. 

There are also motors of tho positive type, 
whore, for exam pie, tho filling and emptying 
of a tank or cylinder is the special feature 
and tho number of repetitions in a definite 
time arc registered on an indicator. Or the 
volume of water passing 
through a small turbine 
may he inferred from tho 
number of revolutions in 
a given time of its runner 
after earofnl calibration 
by means of the passage 
of known volumes. 

(ii.) Vital Tube. — One 
of the simplest velocity 
indicators is tho Pitot 
tube. Its essential feat uro 
is a vertical tube A {Fig. 
12) of lino bore with the 
bottom end bent at right 
angles facing and open hi 
tho (low. The height of 
the column of liquid in the 
tube is tho measure of the pressure equivalent 
to tho velocity head addpd to the statical bead 
of the tube wafer outside. To determine tho 
statical bead, tho tube may be turned through 
an nnglo of (50° about its vertical axis so that 
its orifice would bo parallel to fhe direction 
of flow. Tho illustration shows a second 
vortical tube .11 communicating at the bottom 
end with the casing, which in turn has openings 
arranged tangentially to the flow. This serves 
ns a statical head indicator, and the difference 
in lovol at any instant between tho two Lubes 
serves as a measure of the velocity head, and 
therefore of the velocity 
itself (see also article 
‘‘Aeronautics”). 

(iii.) Venturi Meter .— 
For measuring largo 
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quantities of water tho simplest and most 
satisfactory method is that of tho Venturi 
motor, shown in Fig. 13. It consists of a pipo 
of area A, uniformly converging to area a, 
then a short parallel nook afterwards diverging 
to its full diameter; It fdrhW 1 a section 'of 
tho ilidirr pipo. : Tito whole quantity'of water 
passes'through it and there' is no obstruction 
to flow. ‘ The diifcronoo 'bf pressure which 
exists at 1 thri inlet ;f lo tho bonvoi'ging length 
and at tho parallel neck, duo to tho accelerated 
velocity at the,latter-,point, is measured ns in 
the Pitot tube*,by a differential gadgo oonneoted 
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to these points. Thon it can he shown that 
tho velocity is given by tho equation 


/ 2(l[P\ ~ Pa) 

W }(A/rt) -1} fcofc I )ol ' 8Pc; - 
wliero p K and p a aro the pressures at the 
areas A and a respectively and \V the weight 
of 1 cubic foot of tho liquid, and the dis¬ 
charge in nubia feet per second by 
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Tho degree of error which may reasonably 
he expected is only about l-f> per oont, and 
the meter registers eflieiently at alnumt any 
velocity. 

§ (25) Pun Link Lassies. 1 —The losses which 
occur are clue mainly to friction ill the pipo. 
and to friction and eddy formation lit entrance 
and exit, ut valves, sluices, elbows, bonds, pipo 
junctions, and at sudden alterations in the 
cross - .sectional area of the pipe. Much 
experimental work lias been undertaken to 
determine the laws governing the loss of head 
resulting from resistance to the (low of water 
through a pipo, as effected by variations in the 
velocity of How, the size of the pipes, ami by 
(he degree of smoothness of (he internal surface. 

(i.) Murlff I'l&pcriineuhi. —l*Yom early experi¬ 
ments it was deduced that the frictional 
resistance to tho flow of a fluid was i 

(«) Independent of the fluid pressiiro per 
unit of area. 

( b ) Nearly proportional to the area of tho 
wetted surface, whatever the form of the 
oims-sootion A of the containing channel, 
that is, to IV, where l is the length and J’ 
the wotted perimeter. 

{<:) Approximately proportional to (lie 
square of tho velocity v of the fluid. 

The frictional resistance F to tho motion 
of a prism .of water might therefore ho 
considered equal to eurflV; v> being the 
weight of unit volume of tho fluid and a a 
suitable constant, 

If snob a prism of weight equal to wlA 
moves under the action of gravity through a 
distance as along a channel having a gradient 
i given by tho ratio hjl, tho energy expended 
will bo tolAix ft,-lbs., where h is tho vertical 
lioight between tho two omls of the pipe. 

This is equal to tho work done against 
friction, and therefore " ' 


, ' wlAix Fie— cwlVv 2 x. . , 

Iloneo 

■■;<=*'\ v ' J ’ v»»® a \/ ' j? ~ o s/wy 

wherb m is writtoiifqi-A/P and This 

is known a*) (ho Cltczy formula, 

■ Tito ratio! A/P - (qrai of oross-fleotifip/wetyd 
perimeter) is termed the “ hydratilio mean 
1 See article ''Friction,'' § (11). 
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depth ” and is t he depth the volume of water 
would have if it were contained in a rectangular 
channel with a Hat bottom of the same area 
ns the wetted walls of the channel. Thus 
the head h necessary to maintain a uniform 
flow v along a channel of length l and hydraulic 
mean depth m would he represented by 


h-c 


vH 

'in 


The coefficients c or C, ns used in the Chewy 
formula v=C Jmi given above, can only ho 
constant in the case of pipes if h is propor¬ 
tional (1) to r a for all values of the velocity 
and of the pipe diameter, whether largo or 
small, and (2) to the wetted perimeter for 
pipes of different diameters, and is in addition 
independent of the roughness of the internal 
surface. 

It is now known that none of these assump¬ 
tions arc warranted, though for a time tho 
compensation of errors obscured the truth. 
Dulniat, Prony, D’Aulmisson, and others 
directed their attention to the true relationship 
between resistance nnd velocity, while D’Aroy 
investigated the effects of different diameters 
of pipes and of varying degrees of roughness, 
and tho investigators in both directions 
sought to express their results in terms of a 
binomial function of v. 

(ii.) Reynolds' Index Law ,—Professor Oshorno 
Reynolds evolved a rational formula based 
on the assumptions that tho resistance lo 
flow varied with the dimnotor, longfch, and 
surface conditions of tho pipo; with tho 
viscosity nnd density of tho fluid, and with tho 
mean velocity of flow through tho pipo, nnd 
that it varied with some power of each of 
those factors. A modification of (his rational 
formula has been adopted by various later 
investigators, including Unwin, nnd is repre¬ 
sented by the relation 

h JI^ ' 

d* ’ 

whore h as before iB tho drop of head in feet 
required to maintain a uniform volooity, 
Tho resistance is thus proportional to the 
wth power of v and inversely proportional 
to tho ictli power of tho diamotor d, whilo / 
is a coefficient deduced along with tho values 
of n and x from tho results of several export- 
mentors, 1 l being in foot. 

Unwin’s moan values are ns follows : 


Surface. ; 


' a 1 . 

II. 

Wrought him . 
Asphalted pipes 

Rivoted .wrought, iron. 
Now cast iron . , . . 
('leaned cast iron . 

Old cast iroil ... ' 

1 

,1-210 

1-127 

.,l HQ**.,- 
' i-ioa 
l'vJOb' 

:l 11 ! 

1-75 

1- 85 

w 

1 ;1)G 

2 00 ’ 

2- 00 

! ■- 


' 4 ) 111 . 


1 ho values of j and n increase with the 
roughness of tho surfaco, and a 1 varies with 
the surface and i no teases with tho diameter. 

(iii.) Practical Considerations .—In dealing 
with practical problems, however, it is often 
convenient to express the relation between 
the velocity and the head in the form adopted 
by Cliezy, 

, fin- / nth 

iii2y V l ’ 

where fj2y has boon written for tho coefficient 0, 
and Professor A. II. Gibson inelmles, in liis 
“ Hydraulics nnd its Applications,” tnbloa of 
the values of/and C calculated from tho moan 
results of tho formulae of Unwin, Tutton, and 
Thrupp, showing within ( lie range of velocities 
common in pmetieo their variation with v 
and with tho pipe diameter in pipes of different 
types. The internal corrosion of a pipe, by 
increasing tho roughness of its walls and by 
reducing ils effective area, will usually inereaso 
tho value of / considerably after a few years’ 
uso, and must ho allowed for when estimating 
tho diameter necessary to maintain a given 
discharge. 

(iv.) Loss at lint ranee .—This will depend on 
tho form of entrance adopted, the loss of head 
varying from about •Qfi(r fl /2f/) ft. with a boll- 
mouth to v a /2 1 / ft., where the pipe projects 
into the reservoir nnd forms a re-entrant 
mouthpioco. 

Weisbnoh lias shown Unit with a gate vnlvo 
in a circular pipo the loss in head duo to tho 
presence of tho valvo when throe-fourths open 
would ho represented by ■2tt(v a /2</) ft., and at 
half opening bn eight times as great. 

(v.) Pends and J&bom .—If loss of head is 
represented by F[v*/2y) the following values of 
F are approximately correct for losses in 
pipes of radius r, with bends of radius It, 
making an angle of 1)0°: 


U 

r 

El how 

4 

8 

12 

1(1 

20 

V 

1-20 

-to 

•20 

•30 

•20 

3 


(vi.) Loss at ICxit. —The whole of the kinetic 
energy of pipe flow t>*/2 g is usually dissipated in 
eddy formation when discharged into another 
mass of water, and if discharge lakes place at 
a height h above tho free receiving mnfaoo 
this height will be included in the loss of bend. 
„ (y\\.) Total Loss of Head .—Tho total head H, 
therefore required;- to maintain a uniform 
volooity,of,fjqjw, V, will:be qqmil to (ho;kj nolle 
energy; atoxil, <Mjiq,ioaa by .friction; in tho pipe 
+.thc losses., at gnti-anee ,.valves,,' bends, mi 
sudden changes in - section . of,, the, pipo, .and 
Wil 1,1? g! ropresen ted ,|iy an .equation such ns 
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Hon CD, v- = j— -v n , V >r, v. 

1 -1- 2iJ?+ (///;») 

Wo obtain thus the velocity due to a given 
difference of bond in a pipe of given length 
and diameter. Since the discharge in cubic 
feet per second Q=nrca x v ~(iril-ll)v, 

r i 7 T d i VSjyit 

wo find Q - - 

4 */l+il'4 (///»») 


and to maintain constant flow wo must 
have 


v -\/j i m=Gf 


If fcho length and diameter of fho pipe are 
known, the head ncecssary to give any re¬ 
quired discharge may bo determined. Thus 

RQ *{H-XF +(///>«)} 

U ~ " it Wg .* 

§ (281 HYimAur.ui Ohadiknt.— -If steady 
flow is to lie maintained between two points 
at diiToront levels through a pipe running 
full with a velocity v, the total difTorenco of 
love! must be equal lo the 
total loss of head. Tims 

2l?(v*/2g) = II. 

If a longitudinal section bo 
mado along the lino of tlio 
pipe and, if from a horizontal 
lino drawn through the upper surface there 
is set down a series of vertical ordinates 
representing at various cross-sections tho total 
loss of pressure per unit volmno from the 
pipe entrance to each section considered, then 
tho curve formed by joining the ends of these 
ordinates defines the hydraulic gradient for 
tho pipe line. .For a straight length of pipe 
without valves or other obstructions the 
gradient would lie constant and would bo 
represented by a straight lino (Fig. 14). Tho 
slopo of tho curve giving tho hydraulic 
gradient is termed the virtual slopo of tho pipe. 

§ (27) OrjJN OitANNKi.9. —The formula 
h - (flv : j)ii2ri) is generally adopted as a basis 
for determining tho loss ol head for a non¬ 
accelerated flow in open channels, whoro 
wi=(A/P) = tho ratio of tho cross-sectional area 
to tho wotted perimeter. 


The difficulty has been In determine values 
of / or 0 which will be applicable to-channels 
having widely differing physical character¬ 
istics. 

Ihizin deduced for 0 a value given by 
187-0/1 +(N/*/>») foot units, where N is a 
quantity which varies with the diameter of 
tho surface. This gives good results for 
channels under 20 feet wide and with velocities 
not greater than 4 feet per second. 

The value generally used is that derived 
from tho Clanguillet and Kuttor formula: 

^41;0 t (-00281/^1^112^) ^ 

H- {41-8 + (-00281/1)} (N/ s /w) 


^~--r.--=-r jr SS r p' ~ Vn S-i/iio to Enl'rwiofla ca nul l '“I 

■- -- ~|&l anaf(iiTSrilow~~ ' - 



,,,,u - ii - liSi. 

N, again, doponds on tho diameter of tho 
surface. Probably a rational formula of tho 
typo 

fir" ffr» 

H ~ {A/P}“ ~ in’ 

would most nearly represent tho law of channel 
flow. 

Amongst others, Professor Claxton Fuller 
(Intel-mined the values of /, n, and a: for snob 
a formula from the ninny experimental re¬ 
sults available, ami a few examples are given 
below .• 













HYDRAULICS 


606 


which will give the maximum discharge fur 
.a given slope and given cross-sectional area. 
Now Q A a ~ C J( A 3 /!’)/. On the assumption 
that C is constant'for n given surface, in order 
that Q sFiouhl he a maximum we must find 
the dilforontini coefficient of this expression 
and equate it to zero. The following sections 
give tho proportions thus obtained for a few 
of tho common forms of ohiumel and the 
resulting value of Q on the assumption that 
A has a constant value. 

Trapezoidal Channel*. — Let 7»=tho half bottom 
breadth, (/--the depth, a»=cot 0, where 0 is tho angle 
of slope of tho sides. 

Then wo Imve 

A « 2 bd -t- ttP, V = 2(5 Ji+&), 


arc tangential to n circle having its centre in tho 
water surface. The semioiroiilar section when 
running full may be regarded as (ho limiting ease, 
and has n hydraulic mean depth of rf/4, which is tho 
maximum for properly designed polygonal forms, 
and therefore gives the maximum discharge for a 
fixed area. 

Circular Sections .—With a circular channel of fixed 
diameter, but where tho water-level subtends n vary¬ 
ing angle 0 at tho centre, the condition of maximum 
velocity can ho shown to ho 0 —tan 0 — 257-5 0 , 
nod for maximum dischar/jc 20 —30 cos 01-sin 0=0. 
0=308° satisfies this latter condition. 

Tables showing the relative discharges of 
trapezoidal channels with varying slopes, and 
circular channels with different flow levels, 
nro given below : 


.Slope 
of Sides. 

0. 

Watted 

I'orlmetor. 

1*. 

Aren. 

A. 

Hydra u lie 
Mean Depth. 
A-fL'=wi. 

Velocity. 

DCOV'ffl" 

Discharge. __ 

Q = A •u<xA</m. 




Trapezoidal 



1 to 0 

110° 

id 

2 <P 

(7/2 

Vd/2 

2<P V(//2 

I in -fi 

03 

3 47(7 

l-74r P 



1-74 <P „ 

1 in 1 

45 

3 •Odd 

1 -83</ 2 



l-83d a „ 

1 in 1-G 

34 

4-21d 

2-lid 3 

, , 


2-11<7 2 „ 

1 in 2 

20-G 

4-Old 

2 , 47<7 2 

” 

»• 

2-47d 3 „ 

Depth In 






terms of Ur. 







•1 

74 

l-2R0r 

,-103r 

•127r 

•504 Jr/2 

•082r B J)i2 

•3 

133 

2-31 Hr 

•702r a 

•342r 

•828 „ 

•05(ir 2 „ 

•G 

180 

3Mlr 

1-57D 2 

60(lr 

1-00 „ 

1 -r»7r 9 

•81 

251! 

4"18rtr 

2-72lir z 

■li08r 

110 „ 

3-00r* 

•1)5 

308 

G-382r 

3083r 8 

•f»72r 

1-07 „ 

3'30'lr 2 „ 

1 00 

300 

G'L’Sr 

:M4r* 

•GOOr 

L00 ,, 

3-Mr 2 ;; 


and remembering that A is constant wo obtain, on 
substituting in the value Q from theso equations and 
diftorenUiitiiig, as 
*'T7>T 1 tho condition for 

| I maxim uni dis- 

d charge, tho result 

that 








I 1 ' 10. 15. amt in thin ease the 

aides «>f the ohnnncl 
touch a circle of mdiim equal to the depth of tho 
ohnnncl having its centre in tho surface. 

Tho maximum disohnrgo in terms of l> and n bo- 
comes 

q _ Gbh^ lTP-a) /-, 

and fora reotnrig id nr section where s is0 


i . (J=p>/2ff.8. ; 

Semicircular C’Amwmc/.—T ho hydrnulio mean depth 
ofnnhy polygonal' channeli whore,<A is constant, is 
greatest. when, the) tpdca ; ang hot tom :‘>f. ,tho. nhumiol; 


§ (2D) Utilisation of Supply. —Tlie supply 
of water which has been determined by tho 
methods described and brought under control 
may either bo utilised for the potential onorgv 
it contains or distributed for various domestic 
and commercial purposes. The potential 
energy of any store of wider is measured 
by the product of tho fall 11 (in feet) which it 
would make in its descent from a higher to 
a lower level, multiplied by tho weight of 
water which may ho utilised per unit time. 
If YV bo tho weight of wutor delivered per 
second tho thoorotioal onorgy per second 
--WIT fb-lba. and is equivalent to a theoreti¬ 
cal horse-power of (1/6G0)WH. 

Oh tho basis of a mean annual rainfall of 
.‘10 inches, and nil average available fall of 
60 feet, 240,000 million foot-pounds of onorgy 
would be available per annum per • squo.ro 
mile of gathering ground. If it was, possible 
to collect and 1 utilise half of tin's onorgy 
throughout a normal working year at an 80 
. per. .cent oflieiency it would i.roprf!Sont a; total 
,o? 16 h.p.i por square'.mile.Professor .A.;ill; i 
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Gibson estimates the water-power available in 
the world ns exceeding 200 million horse- power, 
while the- amount available and developed in 
America and Britain has been given as follows: 


Brake IIoksk-voweu 


" 

AvdlhiMc. 

Developed. 

l*er font 
Developed, 

United States . 

Million. 

28-1 

Million. 

7 

24 0 

Canada (North). 

18-8 

1-7 

0-2 

Canada (South). 

8-1 

1-7 

21-3 

Croat, Britain . 

•Oli 

■08 

8-8 

Europe . - • 

Bifi 

0-0 

17-1 


These numbers representing the available 
power can only be regarded ns very approxi¬ 
mate, and so far as they relate to this country 
include much of the supply necessary for 
domestic -purposes, or which must bo con¬ 
served for trade and commercial purposes. 
The daily rate of consumption under this head¬ 
ing varies from about 20 gallons per head of 
population in Sheffield to 70 gallons in Paisley, 
and provision requires to be made so that, in the 
event of the emergency of lire, (he supply per 
hour may exceed tills liy as much as fiO.per cent. 

Tho total available water supply is for 
commercial and domestic purposes capable of 
being supplemented by the use of wells ami 
underground resorvoirs, which, however, neces¬ 
sitate the use of pumps, and do not add directly 
to tho power resources of the country. 

Tho following are mentioned as a few 
typical examples of the largest power installa¬ 
tions which have recently boon made: 


§ (20) Tidai. Powmt.—--Perhaps the greatest 
sourco of water-power is to ho found in the 
daily notion of tho titles of the ocean. Twice 
onoh day, due to tho gravitational attraction 
of the sun and moon, great masses of water 
become possessed with an onorgy of position 
which it is possible to convert into work. 
While the practicability of mich a project is 
assured, tho desirability and expediency 
becomes entirely a matter of cost. Tho choice 
of mothods lies between tho use of a single 
tidal basin divided from tho sea by a dam in 
which are placod turbines, having intermittent 
periods of working separated by more or less 
lengthy intervals of idleness and equipped 
with auitoblo storage plant, ■ aiul the: adoption 


of u system of duplicate tidal basins capable 
of working ill ail states of tho tide nod there¬ 
fore without storage plant. There are several 
options with either method. 

(i.) Single Tidal Basin .—When a single tidal 
basin is used water may be impounded through 
sluices riming tho rising tide and, when the 
sou-level lias fallen a portion of its range, 
allowed to operate tho turbines tit a nearly 
constant head until low water. If the curve 
ABC (Fig. Id) represents the sea-level on ft 
timo base, then ab allows the level in the tidal 



basin, on tho supposition that the rate of fall 
is kept constant and tho head is nearly equal 
to &B throughout. Tho period of working is 
represented by «,ft, and the interval of idleness 
by the lido period A,0,, lcHsa,/i,. An increase, 
in tho working head can only he obtained by 
menus of shortening tlie* period nl operation, 
and the maximum mil put will be obtained 
when tho head is approximately half the tidal 
range. An inorouso in output may, however, 
bo nindo by utilising hol-h rising and falling 
titles, the arrangement of the water passages 
permitting Mm use of Urn turbines with a How 
from either side of the wall in which they am 
sot, or duplicate inflow turbines are provided. 


Tho work done per complete lido would then 
bo approximately fit) per cent greater, tho idlu 
period shorter, and tho storage plant neces¬ 
sary would bo correspondingly reduced. 



Another possible modification is whero tho 
water during both rising mudifalling tides is 
allowed U»i flow through the turbines and to 
• adjust ita.own love), < If ABO, ( Fig. 17) ropro, 


Undertaking, 

Country. 

Working Ilend 

(ft.). 

No. of Unite. 

Total Output. 
It.II. P. 

Trolllittttan Station .... 

Sweden 

10(1 

H 

100.000 

Koobuk Power Station, Mississippi . 

U.S.A. 

30 

in 

210,000 

Cedar Ihipids Station, Montreal . 

Canada 

80 

12 

120,000 

Aura Plant. 

Norway 

2 ,'ir»o 

0 

H 1,000 

Tata Plant, Bombay .... 

India 

10CO 

<1 

81,000 

British Aluminium Co., Kiuloulileveu . 

Suotfnml 

1)00 

II 

.10,300 
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scnts the Hen-level, the level in the tidal ha sin 
would also show n cyclical vaiialion as at abc, 
(lie working head being the intercept between 
the two curves. At their intersection points 
ah the head is zero, and for an interval beforo 
and after these points the turbines will ccaso 
to function. The working period and the 
possible output per tide is greater with this 
arrangement, but the variation of head, with 
all its disadvantages, is very large. 

fii.) Two Tidal Basins .—WJion the installa¬ 
tion consists of two tidal basins, power may 
ho developed continuously by allowing flow 
through turbines to the sea to take plaeo 
from one called the upper basin during the 
lowor portion of tho tidal fall, while the other 
or lower basin is emptying through its sluices. 
Flow from the sea through the turbines to 
the latter occurs during tho upper portion of 
tho tidal rise, ami meanwhile the upper basin 
is being filled through tho sluices. This is 
shown diagrammatioally in Fig. 18. In 
addition to tho cost of providing two tidal 
basins this method necessitates duplicating 



turbines, while tho output is not larger than in 
tho best of tho single-basin systems. 

Whiohover form is adopted the cost per 
horae-powor will vary, other tilings boing equal, 
with the tidal range, llcoaiiso of this, and also 
because of its favourable configuration, much 
attention lias bcon given to the estuary of tho 
Sovorn, tho mean range of Bpring tides at 
Chepstow having tho high value of 42 feet 
and of neap tides of 21 feet, as compared with 
tho average valuo around the coast of Great 
Britain of 10-4 and 8-0 foot respectively. 

It is estimated that if an area of 20 square 
miles could ho utilised at the spring tidal range 
of the Severn tho average daily output working 
without stomgo plant would approximate to 
10 million horac-powor-hours. 

The principal difficulty, howovor, in con¬ 
nection with any tidal-power sohemo lies in 
the relatively great fluctuations in head. The 
cyclical daily variations may bo provided for 
and continuous operations ensured, but tho 
great relative differences botween spring and • 
neap tides force the choice of either designing 
for the minimum head and thus utilising only 
a small proportion of tho available enorgy, 
with a consequent inoronso of the power unit 
cost, or of adopting some equally costly form 
of storAgo,' ' AVhile this is so the vast possi¬ 
bilities which 'await a-'dovdlopmbnt' of tidftl 
powet at n reasonable dost makes it imperative 


that the investigations at present in progress 
should be continued until success is achieved. 

II. Ava i r,Aiu lity oil’ Water Suitlies iron 
Power or other Purposes 

§ (31) Pumps. —In order to utilise directly a 
supply of water there must be in addition to 
an adequate quantity ail available head cap- 
able of being converted into power or used in 
overcoming resistance during its distribution 
for domestic, trade, or irrigation purposes, 
When tho supply does not possess the requisite 
head it can bo acquired by the raising of tho 
water from a lower to a higher level by means 
of a properly designed machine, and is termed 
Pumping, Tho power of the machine or pump 
must bo sufficient not only to raise the 
required amount in a given time but also 
to overcome tho various resistances to flow 
encountered in the process. Those consist 
principally of tho friction of tho pump and of 
tho inlet and delivery pipes. Tho nature and 
magnitude of tho pipe lino Iohhch have already 
beon dealt with in discussing the Joss of head 
incidental to a gravitational supply, Tho 
characteristics, losses, and efficiency of the 
different typos of pumps will now be treated 
in turn. 

§ (32) Seoul’ Wiiioions, supposed to have been 
used by tho Chinese in very remote times, 
are still in operation in the Foil district anil 
also in the lowlands of Holland, whore largo 
volumes of water Imvo to he lifted to compara¬ 
tively low heads of 4 to (5 feet. In some of 
the recent examples thoy have been capablo 
of dealing with 300 to 400 tons pur miimlo 
against a head of o to (1 feet, the diameter of 
tho wheel being 30 feet by 5 feet wide, and tho 
number of revolutions 5 per minute. 'Tho 
entrance of the water to tho wheel is controlled 
by a sluice gate which delays the contact of 
wheel and water until tho vanes Imvo nearly 
reached the bottom of tluiir path. The tail 
sluice may cither bo adjustable about a hori¬ 
zontal axis at its lowor end or freo to tako up 
a natural position us determined by the 
discharging stream. Tho offioionoy of the 
plant including tho drive varies from (15 to 7(5 
por cont, depending upon tho ratio of tho wheel 
diamotor to tho lift. Gonomlly speaking, tho 
larger the diameter for a given lift H tho more 
offioiont is tho pump, and tho usual proportion 
is that tho diameter is 10 *711. 

§ (33) Archimedean Screw. —It is fitting in 
tho onso of this obsolete typo that as there is 
ft record of its use in Egypt boforo Hero’s time, 
so tho largest and possibly tho last installation 
of importance should bo that at Kalatbah in 
1881. It consisted of ton sols of scrows each 
designed to raise 25 tons of water por revolution 
agajnst.a total head of 12 foot, which, with a 
speod ofi (1 revolutions per minute, represented 
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120 h.p. pcr screw'. Tito plant was nob a 
success ami was soon replaced by another 
type. In tlio designed arrangement a helical 
screw rotated about on axis inclined to the 
horizontal at an angle loss than that made hy 
the surface of the holix, ami was contained in 
a closely fitting tube, the lower end being 
immorsed in water. On rotating the screw, 
the water tended to run down the surface of 
the helix by reason of its greater inclination 
and conscriuontly passed up the tube omerging 
at tho top in the head wator. Under favour¬ 
able circumstances an efficiency of 7/i per cent 






a 


mm 


has been reached. 

§(34) ItKOU'HOOATiNO Pumps. — This im¬ 
portant class of pump consists essentially of a 
cylinder in which the reciprocating motion of a 
bucket, plunger, or piston, or a combination of 
those, is used to lift water directly, by the 
action of motion or of pressure. On tho up or 
(motion stroke of tho pump n partial vacuum 
is formed beneath tho plunger or piston, and 
atmospheric pressure noting on the free Hurfnco 
of tho supply produces How in tho suction 
pipe. A voliimo of water equal to tho 
displacement of tho plunger is admitted to 
tho pump chamljor through a foot suction 
valve which cm tho down stroke closes auto¬ 
matically while an equal volume is transferred 
to tlio pressure side of tho delivery valve. 
Wlioro tlio arrnngomont includes both bucket 
B and pltmgor j>, ns in Fig. 11), tho water 
displaced on tho 
down stroko 
passes through 
lift valves v in 
buokot, and a 
volume equal to 
tlio displacement 
vein mo of the 
plungor is dis- 
ohargod through 
D. On tlio up 
stroke a dis- 
oluirgo equal to 
the (HfTovonee of 
the lniokob and 
plungor displace¬ 
ment volnmos 
lakes plnco. 

Whon tho 
pump is of tho 
typo shown in 
Fig. 20, having 
a piston and 
plungor, thou 
during the in stroke a volumo of wator equal 
to tho volumo of tho piston displacement is 
passed through tho disoliargo vnlvo I), hut a 
portion of this is simply transferred to tho 
opposite! sido of tlio piston. Tho actual 
disoliargo during this stroke is only equal to 
tho plungor displacement volume. On tho 




i f v - 

dss= 


h. 




Fia. 10 . 


out stroko the delivery is oqunl to the difference 
between tho volumes of tlio piston find plungor 
displacements. In each onso, therefore, tho 
disoliargo is divided over tho two strokes. 



Pro. 20. 


Let h a ^--head of lowest position of plunger nhovG 
the lower water surface. 

Aj~hcml of upper water surface above lowest 
position of plunger. 

A A “•atmospheric pressure I tend. 

/iy=Jiiwl rcqnircil to ovcrounio friolion of 
auct ion pipe. 

A (l >=hrnd required to ] xcmIuco acceleration of 
miction wider column. 

Tlio pressure hmiil available to produce llow in the 
miction column»i A - h, mid imiHb lie mil Ichb than 
h n \ hf. 

If tlio flow iH hiij u11 h a -\ hf will nearly equal 0. 
mill h t may nearly equal /* A or .')•!. fuel. approximately. 
In prnotico A a — h, represents n head of about 10 foot, 
mul It, is not greater tliuri 24 feel. 

If A “■area of cross-neetiem of buoket or plunger Jii 
ficjimro feet, 

L^-length of stroke. 

W=* weight of on bio foot of wafer in lbs. 

Then WAA a ■= weight of water displaced rlnrlng suolton 
stroke •through a distnneo I. feet, 
WA/pr” weight of water f if Led during delivery 
strokes through a distance of I, feet. 

Thoroforo the total work done per oyolo 

=>WA(A a -f-Aj)b foot-lbs. ^WAb/q, foot-11 ia., 
where h^ht total lift. 

With tho Jnickot typo pump, suction and 
dolivory takes plnuo during tlio up stroke, 
tlio return stroko being idle. When n plunger 
is used auction lakes place during up stroke 
and dolivory during return. In oil her ease 
dolivory is intermittent and occurs (luring 
altornatc strokes, Where a bucket pump is 
converted into the combined hucket-nnd- 
plungor typo by tlio enlargement of the 
bucket red tho work done per oyolo remains 
tho same, lint a dolivory, equal to the dilforenoo 
of tho volumes swept through hy bucket and 
plungor respectively, occurs during tho miction 
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stroke, while Hie remainder of the bucket 
volume is discharged during the clown stroke. 
For equal discharges on the two strokes the 
area- A of the piston or bucket should bo twice 
the area a of the rod or plunger. 

To equalise the: work done during the two strokes 
of the cycle, when the pump is vertical anil the weight 
of tile reciprocating parts is W„, tho following 
relations nro necessary: 

W X A - «)/<„ -I-Aft,} + Wj,=W«ft„ - W„ 

, W Pl A(*d+W 

nmi a ~ WAa ^ 2ftj 

§ (35) SlNOLK- AND DOUIU.K-AOTIKO PUMPS. 
—Where suction takes place during ono stroko 
only of the cycle the pump is said to bo 
single-acting, though tho flow is continuous. 
This typo may bo converted into the double- 
noting type by the duplication of suction and 
delivery valves, so that suction takes place 
during both in and out strokes of tho piston. 
If the pressure bead against which delivery 
is taking place is high or tho wator being 



from zero at A to a maximum at II, falling 
again to zero nfc 0 and remaining so during 
the return stroke. On the delivery side thero 
is no velocity during the period from A to 0, 
after which it begins to rise, reaching a 
maximum at D and thence falling to zero at K. 

These fluctuations of velocity may ho 
modified by tho introduction of a duplicate 
pump, drawing from the same suction and 
discharging to the same delivery pipes, hut 
driven by a. crank sot at an angle of 1)0° with 
tho first, tho resulting velocities being shown 
by the oui'vo AjITJCJC^MP. 

Q H 

STB 



(ii.) Variations of Pressure .—Since tho flow 
in tho suction pipe is dependent on tho vary¬ 
ing velocity of tho plunger, tho water in that 
pipe must bo subject to fluctuations of pressure 
following on the varying accelerations neces¬ 
sary to maintain contact. These accelerations 
in tho flow will be proportional to the piston 
acceleration a at the sumo instant. When tho 
pump is driven from a shaft rotating with uni¬ 
form angular velocity of w radians per second, 
by a crank of radius r through a connecting 
rod of length l, tho maximum values of tho 
acceleration, which aro equal 1 to w 3 . r(l T rjl), 


pumped contains considerable impurities 
rendering .accessibility to packing desirable, 
tho plunger typo of pump is usually adopted; 
mid if tiio pump is double-acting, outside in 
preference to central packing is omployed. 
This is shown in Fig. 21. . 

(i.) Variations in Discharge.—In pump do- 
sign it is intonded that the volume of wator 
dealt with either in suction or in dolivory 
should just equal tho volume of tho plnngor 
displacement, and it follows that with passages 
of uniform section the rate of flow will depend 
on and vary with the volooity of tho plunger. 

A, 33, 0, Fig. 22, snows on a timo base tho 
velocity curve of a plunger driven by an 
ordinary crank of definite radius, during tho 
suction stroke, and will also represent to 
sonio scale the varying velocity of tho suction 
water. C, 3), E is tho corresponding velocity 
curve during tiro delivery stroko, and will 
therefore bo a measure of tho discharge 
velocity and for short intervals of timo of 

'Under, singlo- 
'■'ty will vary 
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occur when tho piston is at its inner or outer 
oxtromo travel positions, that is at tho opening 
of tho auction and delivery valves. Thero 
must be suflioiont; foroo available at theso 
points to produce tho required acceleration 
if flow is to tako place and separation of tho 
water column and piston is to lie avoided. 
In addition to tho accelerating head h a thero 
is the foroo necessary to overcome friolion 
represented by a head h,. In Fig. 23 (a) tho 
1 Sec "Kinematics of Machinery," § (») {».). 
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curve ADO measured from 00, as bn ho 
allows how li„ varies, 'and A BO shows how fcho 
sum of h a + h, varies from beginning to end of 
tho suction stroke. The mean pressure bond 
(h\ ~ /i 3 ) available to balanoe these resisting 
forces is represented by RE, and tho intercepts 
between ABO and RE arc a measure of the 
pressure head remaining on the- plunger 
during tho suction stroke. If at any instant 
h\ — h, is less than /«„ -I- /i f , separation and 
knocking will ensue. 

Tho corresponding diagram for the delivery 
side is shown in FiiJ. 23 {ft). The acceleration //„ 
is represented by ADC and hecomes positive 
during tho latter portion of the atroko. it is 
then diminished by h f , tho resulting curve 
boing ABC, and the resisting head is then equal 
to h d ~h a +h f . If, thoreforo, at any instant 
h- hf separation would result. 

If separation duos occur, impact between 
the wator colmmi and the plunger will subse¬ 
quently tuko placo and pressures many times 
greater than tho normal values will ho regis¬ 
tered. This would happen during tho earlier 
portion of tho suction stroke, and if tho pressure 
head resulting be equal to tho delivery head, 
tho delivery valve will open and discharge 
take placo directly from tho suction to tho 
dolivory pipe. It may also occur during tho 
latter portion of the delivery stroke and the 
oscillations sot up may causo tho pressure 
head in tho pump oylinder to fall suflioioiitly 
to opon tho suction valve so that direct 
discharge again results. In either caso tho 
disohargo would bo greater than tho plunger 
displacement and its cooflioiont ho greater 
than 1. Evon though separation does not 
occur, a rise of pressure which is of the nature 
of wator-luuumor takes place at the closing of 
the valves owing to tho elasticity of tho water 
column and tho consequent dill'orenco of tho 
velocities of tho two ends of the column, 

(iii.)- Air Yewteiti. —Tho introduction of air 
vessels on the suction and dolivory sections 
is a means adopted for minimising abnormal 
pressures. During tho first portion of tho 
.snotion stroke, when normally tho pressure 
behind the plunger is reduced, water flows 
out of tho suotion air vessel and tho flow 
through tho suction pipe is diminished and tho 
acceleration and tho frictional resistances are 
accordingly also reduced. Tho pressure behind 
tlio plungor available for maintaining contact, 
is thus higher on account of tho diminished 
resistance and acceleration, and tho tendency to 
separate is decreased, During tho latter portion 
of tho stroke when the plunger is being retarded 
tho rise in pressure of tho water is damped by 
tlio surplus flow boing absorbed into tho air 
vessel. Similarly during tho first portion of 
tho delivery stroke tho delivery column is 
allowed to acquire motion gradually by tho 
flow from tho pump chamber being passed in 
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the first instance into tho air vessel, ami when 
retardation of tho plunger lakes place and t he 
delivery column tends to lose contact with it, 
discharge is supplied from the air vessel. 

(iv.) Air-charging Deviee .—In addition to the 
proper proportioning of tho air vessels arrange¬ 
ments must be made for their being kept 
adequately charged. The volume of air in tho 
delivery air chamber tends to diminish by 
being absorbed into the continually changing 
body of wafer with which it comes into 
contact, while the opposite holds good in 
the suction air chamber. In order to equalise 
theso changes snipe form of nutoinalie air 
pump is necessary, ami a simple apparatus 
known us tho Wipperiwm air charger is 
frequently fitted. It is illustrated in Fig. 24 
and consists of a small chamber H connected 
by a delivery vnlvo d to the air vessel A and 
by a sorow-d»wn valve k, normally open, 
to fcli o pump 
chamber, while a 
suction valve « 
gives direct open¬ 
ing to tlio air. 

During Uiu out¬ 
ward stroke of 
tho plungor tho 
pressure in II 
falls to tho suc¬ 
tion pressure of 
the pump and 
tho valve a ad¬ 
mits additional 
air. On tlio re¬ 
turn stroke valve 
a closes and tho 
delivery valve d 
opens, admitting 
a fresh olinrgo to tho air vessel, whore n roltof 
valve prevents overcharging. Jf necessary, tlio 
air inlet may be connected to tho auction air 
vessel, where mu-plus air tends to collect, in¬ 
stead of to tho atmoflphore, and is tho usual 
method when an air pump is used. 

(v.) Pump Valves, —Tho operations of miotic>n 
and delivery, ns thoy have boon described, have 
implied Mint tho eontrol was by means of 
automatic) valves, lb 1ms boon assumed that 
during suotion tho inlot control was by a 
valvo which opened ns a consequence of the 
displacement of tho plunger in one direction 
and closed immediately cm tho motion being 
reversed; also that tho outlet control wus 
similar but opposite in notion, being closed 
during tho suotion stroke) by tho external 
pressure of tho discharge water and opened 
during tho succeeding stroke by the oxcoss 
of the pressure in tho pump chamber over tho 
pressure head of tlio dolivory column. Fol¬ 
low pressures and slow speeds tlio procedure 
just described is that which is usually adopted. 
Tho valves arc inado of rnbbor or vulcanite 
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discs working against n perforated grid. 
They arc returned to their seat by the action 
of a spring or by reason of their own elasticity 


Fig. 25. Tig. 20. 

aided by the pressure of water above them 
nnd uro shown in Figa. 25 and 20. In order 
to withstand the high pressures which have 
now become common, 
metallic valves wore 
introduced. Examples 
of these arc the single 
mitre typo shown in 
Fig. 27 nnd the double- 
seated ring vnlvo in 
Fig. 28. Tho averngo 
number of revolutions 
for pumps using these 
typos of valves is ap¬ 
proximately (10 por 
minuto. 

Tho dosing of valves 
is accompanied by a certain amount of shock, 
tho violence of which doponds on the kinetic 
energy stored in tho valve and in tho follow¬ 
ing mass of water 
at tho instant of 
closing. This will 
vary as tho lift, ns 
tho weight, and as 
tho volocity of tho 
vaivo. All tlireo 
are functions of tho 
diamotor, and tho 
lift to bo fully effect¬ 
ive should, in tho 
case of n ring singlo- 
seated vaivo, bo equal to ono-qunrtor of tho 
diamotor. By an inoronae in tiio number of 
vnJvoa, tho diamotor, and therefore tho lift, 







( b ) tig 20. f (l ) 


tho weight, and tho velocity may bo reduced, 
Suitable arrangements are illustrated in Fig. 
20, where (a) shows a quadruplc-soated suction 
ring-valvo and (b) a thrco*tior Bcohivo multiple- 
valve box. 


Where high speeds are necessary for obtain¬ 
ing tho required discharge special valves uro 
used which, by their construction, tend to 
modify tho shock resulting from 
sudden changes in tho direction 
of flow at the valves. Among 
the most successful of these are 
tho Haste and Cfulcrmuth types. 

Tho formor is a conical com¬ 
position vnlvo working on a, 
guide stem carried by tho vaivo 
box, and opening automatically 
to alTord a free passage of tho pm. jjq a 
moving column of water to tho 
discharge end of tho pump, nnd is shown in 
Fig. 30a. Tho Outormuth metallic Hap, Fig. 
30n, is formed from a long strip of sheet 
metal, a portion being coiled several times 
round a spindle, with its inner end held in a 
slot. Tho tension of tho flap is adjusted by 
altering tho position of tho slot. This form 


Fig. 50b. 





of vaivo has considerable advantages over the 
ordinary ling typo by reason of its lightness 
and elasticity, being very sensitive and afford¬ 
ing a free waterway without any abrupt 
changes of direction. A speed of 200 revolu¬ 
tions has been reached by pumps using this 
typo. 

For still higlior speeds ineoliunioally opomlod 
^ valves are necessary, and 

Fig. 31 shows one unit 
of a Reid lor Express 
pump, where the valves 
are worked from a wrist- 
plain driven by an ooocn- 
trlo on tho main slinft. 

Tho advantages of high 
epoed are not eonlinod 



SI 
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Fio. 31. 


to the reduction in tho 
weight and sizo of tho 
pump when compared to 
tho slow-speed class, but 
extend to tho discharge, 
whore, with vory high 


lifts, it is of the utmost importsneo to presorvo 
tho constant velocity of outflow which follows 
from tho grenter number of revolutions. 

(vi.) Fjjkkncy .—With reciprocating pumps 
of tho latest types of construction, ollloionoics 
varying from 80 to 8(1 por cent may easily 
bo obtained, and when tho speed of working 
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is low a well - designed pump may have ail 
ollioiency of 1)0 par cent. 

§ (UU) Si'iiHo Variations.—T he method of 
equalling the variations in the resistance of 
fclio pump lias already been dealt with. There 
are, in addition, variations in the external 
forces actuating the pump which require con¬ 
sideration. 

(i.) JHreel-drivm .—When the pump is steam- 
driven. it may he directly connected to one 
or more steam cylinders 
by n common piston-rod, 
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so that the total steam pressure at. any in¬ 
stant is directly transmitted to the water. 
As it is desirahlo for the sake of cilioienoy to 
uho the steam expansively, and therefore with 
varying pressure, the pressure in the pump will 
liuvo a considerable range. On the other hand, 
the resistance of the pump !h approximately 
constant, and so it becomes necessary to 
introduce some form of compensator whereby 
Hiillieioiit energy is stored during the lirst 
portion of the stroke to supply the doliuiency 
which exists in the second. In Fi<j. 112 let 
the ordinates measured from 00, to tho curve 
AltOI) he the total resultant pressures on (lie 
driving rod during the outward stroke, ami 
AOF the more or less constant water cylinder 
pressures: then (lie shaded urea included 
alievo AO represents the excess of energy 
requiring to he stored, and tho area included 
beneath OF the dolieionoy which must ho 
mot in the stroke, The best-known method 
of doing so is by the use of the Worthington 
oscillating cylinders, a diagrammatic arrange¬ 
ment of which is shown in tho upper portion 
of the figure. II and I. indicate the high 
and low pressure steam pistons actuating 
the pump plunger I’ through the rod lb 
To (lie oroHslieud K <m the extension of R 
aro attached rods which operate plungers 
in the pair of oscillating cylinders placed 
symmetrically about the centre lino nt Q and 
Q,. While the erosshend is moving from 
K to 13, the plungers arc displacing water 
from their respective chambers into a differ¬ 
ential accumulator communicating with an 
air vessel, and work is stored. In travelling 
from fO, to lij the outward displacement of 
tho plungers is assisted by tho pressure of tho 
accumulator, and work is given out. Tho 
work stored and given out during each stroke 
in the equalising cylinders is adjusted to 
balance the variation in energy above and 
bolow the moan required in the pump chamber, 
von r 


(ii.) Flywheel and tthaj’l driven. — Another 
class of pumps receive their motion by means 
of a crank fiom a shaft on which is mounted a 
heavy liy wheel, and which is operated directly 
by a steam engine or driven by hell or gearing 
fmm an electric motor. Mere the variations 
of speed mid pressure in the prime mover are 
equalised by the action of a properly designed 
flywheel. Such pumps are usually con¬ 
structed with three pump chandlers side by 
side, driven from a common shaft by crank's 
set at 120“ with each other, and am termed 
three-throw ram plunger 
pumps. The flow in this 
class is very continuous, 
and the type is largely used 
for boiler fwxI purposes, 

*! (37) Rota my Rumps.— 
A pump of the rotary class 
is valuable for itso where 
lack of space prevents tho 
adoption of an ordinary 

plunger pump. It is valve- 
leas, steady in working, 

and its discharge is practi¬ 
cally continuous. It is 
adapted for working over a largo range 

of speeds at comparatively low heads, with 

widely varying discharge, and is frequently 
adopted for irrigation purposes. Its principal 
disadvantage lies in the, dillieultv of avoiding 
leakage past the rotating surfaces and the 
consequent loss of cilioienoy. This type, takes 
various forms. One consists of a two-part 
cylindrical easing in which revolve a piston 
wheel and drum, another employs two piston 
wheels. 

The latter is illustrated in Fig. 33 by tho 
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Flit. 33. 


oross-fluetion of a pump with cycloidal wheels, 
capable of lifting 27,000 gallons of water per 
minute to a height of over 30 foot for irrigating 
rice-fields. 

The right-hand piston rotates counter clock¬ 
wise and drives tho water from the lower to 
tho upper part of tho casing; tho motion of 
tho iaft-haiul piston is clockwise with tho 
samo result. 

21 . 
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An example of the former is the Knko 
pump, shown in Fig. 34, the important feature 
being the non-contaot method of arranging 
tho piston wheel or displacer and tho con¬ 
troller drum to avoid leakago and to minimise 
wear. Tho displacer consists of threo arms I? 1 

machined to (it 
accurately be¬ 
tween a segment 
of tho casing ami 
a fixed dram I). 
It is carried at 
cuo end by a disc 
keyed to tho driv¬ 
ing shaft, and at 
tho other tho 
arms are con¬ 
nected by an 
a n li u 1 a r disc 
which revolves 
within a recess in tho cover. As tho displacer 
revolvos tho arms fib into rocosscs in tho 
periphery of tho controller drum (J, causing it 
to turn in nnothor soginont of tho casing. No 
attempt is inado to socuro fittoil contact 
botwoon tho tips of tho displacer arms and tho 
corresponding rocossos, ns leakage back of tho 
water is sufficiently provontod without it. An 
over-all mcohanical cfllcioncy of 80 por cont for 
ongino and pump has boon obtained with this 
particular form of rotary pump. 

§ (38) Centrifugal Pumps.— In a centrifugal 
pump, pressure energy is imparted to a mass 
of water by tho rotation of an impeller wheel. 
Tho wheel is formed of a nlimber of curved 
vanes, and rovolvcs in a suitable' casing. 
When tho wheel is charged with water, its 
rotation produces a forced vortex in tho mass 
of tho water contained, with a resulting 
increase of pressuro in a radial direction 
outward and a tendency to outward llmv. 
If the speed of rotation is sufficiently high 
tho increase in pressure becomes great 
enough to more than balance tho static 
head against which it operates, ami flow 
takes placo. This lias the effect of reducing 
the pressure, thus causing water to rise in 
tho suction pipe and outer tho wheel at its 
centre. 

Wlion discussing tho factors which govern 
tho working of such a pump, certain assump¬ 
tions are usually made. Tlieso aro that tho 
pump runs full, and that every parliole of 
water enters tho impeller radially without 
any tangential or whirl velocity, and leaves 
with a common velooity in a direction tan¬ 
gential to tho periphery at ovory point of 
discharge. 

It is possible to establish a relationship 

' veen tho total lift of tho water II, that is, 
’-"-■■•Minn <>f Imrnl tho surfaces of 

•vsorvoirs, .and its 
tho tips of tho 


impeller moving with a linear velocity ii u if 
it is assumed that the work duno on tho pump 
is just equal to the work done by it, and tho 
efficiency therefore equal to unity. 

bet volume of water dealt with per second 
iu cu Ilio feel, 

\V = weight per cubic fool, in Him., 
r 0 and r/=outcr and inner radius of impeller, 

«' 0 and u<i~ velocity of whirl at. r„ and r,-, 

(ii=angiil»r velocity of the. wheel, 

U — work done on (ho water passing through 
per second in ft.-llm, 

—change per second in its angular momen¬ 
tum multiplied by its angular velocity 

= ■ («v„~ i/'jr<)w ft.-llw., 

and since it is assumed llmt «•< while r 0 i<>, 

. Wli. 

U== ■» («’ 0 r,,to)= ^ («•„««). 

Hut. the work done by the walcm \V(j IF, mid siuco 
this is equal to U, Llmrcfuro WQ. w 0 Mo/tf=WQfr, ami 
II = U’oltolff- 

All losses due to eddy formation, shook at 
entrance to or exit from the impeller, and 
friction in tho passages aro equivalent to an 
increase in tho head agaiimt which pumping 
has to take place, and must ho avoided as 
far as possible 
by adopting 
tho form of 
vane host 
suited to tho 
conditions of 
working. 

(i.) Shock nl 
li n l r //. — T o 
avoid shock at 
o n t r y, tho 
dirootion of 7^ 
the relative 
velocity of 
w ft t o v ft n <1 

Vftno must be 3&> 

tangential to 
tho surface of the viino at the inner edge, ns 
shown in Fig. 35 («), wlioro 

vane, angle at entrance, 

Ui — peripheral velocity of vane at entry, 
ft —radial velocity of water at entry 
—u, tan /I, 

i» r = relative velocity of water and vano 
= 

.Tf variations in the speed of the impeller 
occur, tho relations expressed above will not 
be maintained, and shock will result. During 
its travel through tho wheel passages the 
relative velocity of water and vano remains 
unohangod, but for tho loss taking placo in 
overcoming tho frictional resistance of tho 
sides, and its dirootion conforms to tho oiuvo 
of tho vanes. 
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(ii.) Shock id Exit .—At exit llio water leaves 
tlic impeller at an angle wjiieh is the angle of 
the vane tip, and ifs absolute veloeity v 0 and 
radial component /„ may bo determined by a 
velocity diagram, as in Fig. lie (i). 

If the mean direction of flow in the casing 
can bo taken, as 1 ms boon assumed, tangential 
to tlio impeller eirolc and its velocity v, the 
stream discharging from any passage will make 
with it ail angle l>, and a loss of energy will 
result, which may ho represented by the 
equation 


per II). of the discharging stream, 

where a and b are constants depending on the 
angle 0 and the ratio m of the volumes of tho 
main and discharging streams at thoir junction. 

(iii.) Turn duo, to Kinetic Energy of Discharge. 
Flow .—The easing surrounding the impollcr 
is usually designed to include a volute clmmbor 
the cross-sectional area of which increases 
uniformly from A to B, as shown in Fig. 3(1, 



and allows a constant velocity of flow v. If 
free discharge, therefore, in permitted to Hio 
upper reservoir at this velocity, a loss equal 
to the kinetic energy of the discharge stream 
will ooeur, mid have a value of v^jig ft.-lbs. 
per sec. per lb, of water. 

(iv.) Friction.Lime* in Suction and Delivery 
Pipe #.—In addition, the frictional losses due 
to tho resistances of tho suction and delivery 
pipes, and which two of the nature of those 
already doalb with in pipe flow, require to bo 
allowed for. 

It follows, thou, that tho pressure bond II m 
which must bo developed in tho pump must 
ho greater than tho theoretical value II by 
an amount Hiiflioiont to cover theso losses. 

(v.) Incrcem of Pressure. Head throughout the 
Pu>i>p .—The steps by which tho necessary 
increase of pressure is obtained may now bo 
oxominod, ns woll ns any modifications of tho 
primary design having for their purpose a 
roduotiou in tho total losses, and thoroforo of 
tho total pressure necessary. 

Tho aotual veloeity of a pnrtielo of wn(or during 
its passage through the impeller may lie regarded 


r*is 


as made up of two component velocities, one of 
whirl uitli thn wheel and equal to ter ; (he other 
parallel to tho vanes, having a value v r , which is 
the relative velocity of the water and rune. The 
first corresponds to a rotation in a forced vortex 
with an angular velocity u, nnd the equation of 
motion for points on the inner mid outer periphery 
of die wheel would bo 

'V \V „ „ 

. PrasKurn difference w-(r„ 2 -r,- J ) u„~-it , 2 

- w 

I he second component corresponds to an out ward 
(low parallel to (lie vanes, of the sanm volume, with 
tho wheel at rest. In this case 

Pressure difforoi ice ,v*~ „r r - 
W ~ = 2<j 

fi' -l-u!*-/„* onstm 2 7 

Tim total difforenco of pressuro p a - j>,, therefore, 
botween the inner nnd outer edges of Che viinou 
is given by 

Vo - Vi _ "n 3 I fr -fo 2 eoseu -3 y 

“W " . ~2f'~ . 

This gain of pressure may lie increased if Home frno- 
lion k v of the kinetic energy v T -/2tj ft.-lbs. contidned 
in Lh<i water iih it leaves the iuqa-llcr is eon verted 
into pressiire head in tlm volulo clminher, and would 
wpwl h v i'r n l-a ft- 

Further, if the discharge lakes place from the. volute 
into a pipe of gradually increasing sectional aren, 
the angle of divergence lining in (he neighbourhood 
of fij", so that tlm mean volouity of How r in the 
voltltu is changed into a disoharga pipe velocity of 
v,t ft., the iuoreiiHOof Jiead between tho volute and (lie 
delivery pipe will he given l«y 

Vd~V* I',|P a 
W “ 2g lk ’ 

nnd ka will ii]i]>rnximn(cly equal -85. 

The. total difference of pressure, through the pump 
to the delivery pipe will under these conditions 
equal 

pa-pi jif 1 -l // 3 -/ 0 3 enset ) 2 yl-Ivr a -M , <p ' 4 

W .. 2 g . ‘ 

(vi.) Vortex or Whirlpool dhamher. — Since tho 
oflioienoy of tho pump depends very largely on (ho 
conversion of the kinotio energy of the water leaving 
tho impeller into prwuniro energy, ninny devices have 
been tried to secure this end. One of these, devised 
by Professor James Thomson, is the. vortex or whirl¬ 
pool olmmlier, oiroulnr and concentric with, but of 
linger dinmeter than, tho imjailer, and introdneed 
(jetwcon the latter and the volute. .11 ia shown in 
lower half of Fig. 30. Tho water on leaving the 
vnnos forms approximately a free vortex, and iin 
tho veloeity (liniinislies towards the outside of the 
o ham her tho presume increases, assuming (hero is no 
eddy losses, thus: 

Vo-Vo t'o 3 - «o a 

W"“ J .2(T* 
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Jf the ratio lielwwn Hio inner anil outer radii of Him 
chamber equals 0, then and 

Pc. ~ Pa ''A”( 1 _(i'o" l / > ~)(l-C~) 

~W 2 g .‘ 2 g 

Owing to eddy formation the gain in pressure is only 
n fraction k e nf this amount, its nnmericnl value 
varying from -t to -5. The effectiveness of the device, 
if full advantage of it is desired, is marred by the 
necessity of unduly increasing tho over-all dimensions 
of the pump. 

(vii.) Guide, I'rtJies.—Another device intended to 
counteract the tendenoy to instability of motion and 
tho formation of eddies on leaving the impeller con¬ 
sists in the introduction of fixed guide vanes designed 
to receive without shock tho water from the impeller 
and to direct it by diverging passages either into a 
vortex chamber, ns just described, or into tho voluto. 
The upper portion of Fig. 30 shows (bo latter arrange- 
meat. Tins angle of entrance of these guides should 
bo parallel to tho path of the water particle as it 
leaves tho impeller and equal to a (Fig, 35 {/»)) if shock 
is to be avoided. When the pump is required to 
work under varying conditions tho nilglo should bo 
suited to that of maximum efficiency. When this 
condition is departed from considerably, tho result 
may bo that tho guides are a sourco of loss instead 
of a gain in offioicnoy. It will he seen from Fig. 35 (b) 
that the entrance angle is represented by 

a-tan -1 —• 

«o-/o °ot 7 

Since the velocity of tho wator is at its maximum 
w]iun leaving the impeller, and as only 
a portion of its kinetic energy nan bo 
recovered though every precaution is [sssp-— • 
taken, it follows that tho velocity of lEE 

disohnrgo should lie kept ns low ns is Sr 

consistent with maintaining the efficiency 
of tho pump. 

FQkimcy .—The useful work done by j 

a pump per 111. nf water may be taken F ' "—'~ 

as represented by Jll-II,-H’ ( |-/2ff ft.-lbs., ) 
where H is tho total diflcrenco of level j 

between tho auction anil delivery sur- I_ 

faces; 11, is I ho equivalent of t-lio 
friction loss in the nuotion and dolivery 


R must not bo forgotten, however, if tho homl 
H to bo pumped against remains tlui Hinno, 
that any decrease of w„ effected by a re¬ 
duction of tbo nnglo y requires mi inoronso 
of tho peripheral speed with consul)uonlly 
un increase of friotinmil loss. In practice tlm 
valuo of 7 varies from about lb" to 90°, depend- 
ing on tho purpose, for which it is designed and 
the bead against which lift takes place, tho 
maximum permissible value increasing with 
tho working head. 

Single impeller pumps arc used for heads 
between (» and 100 foot and liavo an actual 
offioicnoy of over 7b per cent, and the efficiency* 
is well maintained through ft fairly large range 
of speeds. Tho limit sot to tho maximum 
lift of this pump by the high speed of rotation 
necessary, ami fclio coiiKCfpiontly excessive 
frictional and eddy losses which occur, liavo 
been ovorcomo by tho introduction of the 

§ (HO) Compound Mur, tipi,k Ciiamiikk Pump. 
—This consists of a scries of two or more hit* 
pollers on tho same shaft, each pumping water 
into tho oontral space of the next adjoining, 
with tho exception of tho last, which pumps 

qrtTP 




or* «s«* • Kl 11--— - 




mp 




pipes; n mi )’d i» tho velocity in tho 
discharge pipe. Tho summation o( tlicao may bo 
termed tho equivalent head II,„. Tho work which 
theoretically mint iici dono per lb. of water when all 
losses arc noglcotcd ia w 0 <iolo ft.-lbs., ami to this must 
bo added L* the sum of all tho hydrnulio losses, and 
I, m that of all tho mcohnnioal losses. Tho oftloienoy 
jj of tho pinup is then given by tho ratio: 

Useful work do ne by tlm pump pe r lb. of wate r passing 
Total work dono on tho pump per lb. of water passing 
and this is equal to 

_ II«i _ 

v> a v a lg-\-(L m -l-Lfll/WQ’ 

. = _lira_ 

" v "o(«»-/o col y)/g+{L m -l-LD/VVQ’ 

So far ns this depends on tho angle y, it is 
ovident tliat a reduction of 7 will inoreaao the 
efficiency of tho pump, and in addition give 
to the passages a more uniform cross-scetion. 


directly into tlio delivery pipe as shown in Fig. 
37. Tho impeller diameters and vane angles 
are made tho samn for each chain her, and 
tho total lift is equal to tho lift of one stage 
multiplied by the niunhor of stages. Lifts 
up to lbOO foot are possible by this arrange¬ 
ment. Guido vanes aro' almost invariably 
used with tho multiple type, as it is essential 
for efficiency that as far as possiblo the kinetic 
onorgy of discharge from each wheel should bo 
converted into pressure onorgy hoforo ontering 
tho next chamber. In most eases tho impcjlors 
are mounted in pairs back to back, with the 
flow' in opposito directions, by which method 
tho end thrust which occurs in single-inlet im- 
pollor wheels is conveniently neutralised, for 
multiple pumps tho impeller vanes are of the 
enclosed typo, thereby reducing tho leakage of 
water between the pump-ease and tho vanes, 
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find also the disc friction of rotation. A centri¬ 
fugal pump before .stinting is rlinrged with 
water, a foot-valve being provided to allow of 
the charge being retained. To enable de¬ 
livery to begin, the conditions of rotation of 
the wheel must satisfy the equation 

p„ ~ Vi - «r_ w 2 C'V> a - >7 a ). , r 

~~\T ' % “ '></ 

§ (40) Othkb Phmi'S. — In tlio typos of 
pumps already considered the operating force 
has been applied through the medium of a 
rigid solid, mioh us a piston or a revolving 
wheel. There is, however, an important group 
whore the solid is dispensed with and a fluid 
in direct contact with the water supplies the 
motive power. This group will now ho con¬ 
sidered. 

§ (41) PobsoMETKB Steam Pumps. —This 
pump is olosoly related. in fact, though not in 
appearance, to the steam reciprocating pump. 
There is no piston, and the steam wliioh is the 
working lluid note directly but alternately 
on the surfaces of the water, contained in two 
pear-shaped chambers oast side by side in 
one piece. An oscillating vulvo common to 
both cliumbors is placed at the junction of 
their stems, and when the vulvo admits 
steam to one chamber it closes to the other. 
Under pressure of the steam the water with 
which the chamber has been charged ready 
for starting is forced through a foot-vulvo 
into tho delivery pipe. Condensation of tlio 
steam remaining takes place, expedited in 
somo eases by the injection of a lino water 
spray, and the reduction of pressure which 
ensiles closes tho steam inlet valve and the 
delivery foot-valve while opening the suction 
valve, and admits water from its inlet opening 
at tho bottom for a fresh charge. Tho same 
cycle of operations takes place in tho other 
chain hoi* consequent to the movement of 
tho steam valve, so that delivery in one 
chainbor synchronises with suction in tho 
other. 

Tho use of this class of pump is limited by 
practical considerations to lifts below about 
100 feet, the most efficient steam pressure 
boing from 45 to (10 lbs. per square ineli, though 
a lift of 170 feet has boon attained with stoam at 
100 lbs. pressure per square inch. Tho capacity 
of such pumps based on a lift of 20 foot varies 
with the size from 1000 to 150,000 gallons per 
hour. Its efficiency is not high, bub it is a 
useful and cheap appliance for pumping of a 
temporary kind, and it has tho groat advantage 
of not requiring any provision for fixing, being 
suspended by means of a chain or ropo at the 
desired lovcsl. 

§ (42) Gas U is pi, a dement on Humphrey 
Gas Pump. —The Humphrey gas pump hoars 
a similar relationship to a gas engine working 
on tho four-stroke oyolo as tho pulsomotor 


does to the steam engine. It is a develop¬ 
ment in the direction of utilising tho force 
obtained from tho combustion of an ex¬ 
plosive mixture of gas and air to raise 
water by direct pressure. The notion of 
the pump is us follows. At tho beginning 
of tho power stroke a charge of gas ami air, 
compressed between the end of tlio combustion 
chamber 0 ( Fit/. 38) and the column of wilier 
contained in tho delivery pipe I) continuous 
with it, is ignited by electrical spark and 
expands, by this means tins water column 
is set in motion, acquiring momentum, and 
part of its eon tents is discharged. Due to 
the momentum tho expansion is continued 
until the pressure falls to or below atmospheric, 
when tho water valves W connecting to tho 
suction lank ST and the oxhmist valves .IS 
open by suction effect, the gas inlet valve I 
being meantime locked shut. Its momentum 
exhausted, the water column oscillates back 
wliilo tho products of combustion tiro dis¬ 



charged, tlio exhaust valve remaining open 
until dosed by impact, lifter wliiehcomprossion 
of tho remaining air in the combustion space 
takes pliuio. This is followed by another 
oxpausion, during which the gas inlet opens 
and a fresh combustible charge is taken in, 
wliilo tlio ox haunt valve is looked shut. Tlio 
return oscillation closes the inlet valve and 
compresses tho charge until the water column 
is again brought to rest, when ignition takes 
place and the oyolo Blurts afresh. 

If two combustion chambers nro provided 
instead of one and the inlet and outlet valves 
of tlio olio alternate with thoso of tho other 
by ono complete oscillation, tho arrangement 
corresponds to a two-cylinder gas engine) and 
tho discharge is approximately doubled, 

Tlio pump in either of its forms may lie 
adapted to work with a suction lift, and can 
he utilised for operating against a high- 
pressure head by introducing two air vessels 
separated by non-return valves ns an integral 
part of tlio delivery pipe. On test a thermal 
cfliciency of 23 per cent lias boon obtained, 
which is equivalent to a consumption of 
nearly 1 lb. of nnthmeito per water-horse¬ 
power per hour. 
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A set of five pumps of this type, with a 
total estimated capacity of ISO million gallons 
per day and a lift of 30 feet, was constructed 
for the Metropolitan Water Board for use 
at their Ohingford Reservoir. Tho rato of 
working approximates to 12 cycles per minute, 
and in each of the larger units 10 tons of water 
are delivered per cycle. 

§(43) IIvnuAiruo Ham.—T he hydraulic ram 
forms another of tins group, tho working fluid 
in this case being water, and use is made, as 
in the gas displacement pump, of tho water- 
hammer principle, A valve-box 13 (Fig. 30) 


Oellucry toi«/ 



is placed in communication with a running 
stream or supply pipe having a small operating 
head. A waste valvo w when open permits 
of a flow being sot up under tho influcnco of 
this head until the dynamio pressure on tho 
inner side is sufficient to closo it. Tho effect 
of the sudden closure of tho valve is to cause 
an incroaso of pressure great onough to open 
a delivery valve d communicating with a 
delivery pipo I) through an air vessol A. A 
portion of tho water which escapes is used 
to compress tho air in A, and a portion passes 
up the dolivery pipe boforo tho momentum of 
tho column is absorbed. Tho pressure in tho 
air vessel renoting initiates an impulse in the 
opposito direction, tho delivery valvo closes, 
and the reduction of pressure in tho valvo- 
lmx which results enables (lie wnsto valvo to 
again open. The normal flow resumes with tho 
noxt oscillation, increasing until tho dynamic 
pressure onco more closes tho valve. By this 
method a low-bead largo flow is enabled to 
lift a smaller flow through a large head. 

The efficiency of the ram dopetuls on what 
is considered the offeetivo lift of tho dischnrgo 
Q. If tliia is assumed to bo tho diiforonco be¬ 
tween the levels of tho supply intake II and 
the surfnco of tho storage tank /i rf , then tho 
useful work done is represented by Q(h d - H), 
while tho work done on the ram equals q . H 
and 7) — Q. (h a ~ H)/ryH, where q — wator flowing 
past waste valve. 

If, however, tho usoful lift is regarded 
as 7i,„ then 

Q.A (f =fche useful work done by the 
ram, and 

Yq). 11 = the work done on it, and 

-ho values obtained on tho first assumption 


are consistently lower than with tho second, 
but oven on that basis the efficiencies where 
the delivery head docs not exceed four times 
tho supply head may bo ns high as 7o per 
cent. For a given supply head the efficiency 
of the ram falls off very rapidly with an 
increase of the delivery head ratio above the 
value just given. For small diameters of 
supply pipe this type of pump gives excellent 
results, hut with larger sizes trouble is apt to 
arise through excessivo shock when the valvo 
is suddenly closed. To obviate this some¬ 
times an air dash pot is fitted to the wnsto 
valvo spindle, but while effective for this 
purpose it lias the disadvantage of lowering 
tile efficiency of the pump, since slowness 
of closing, allowing leakage past tho valvo 
at the time when tlm velocity of tho wnsto 
water is at its maximum, means a larger 
proportional loss of energy, compared to tho 
whole kinolio energy of tho water column. 
Tho introduction of mechanical regulation of 
tho valves enables this typo to bo success fully 
applied to the pumping of water on a much 
larger scale and against greater heights than 
is possible where automatic valves are used. 

§ (44) .Jet Pump.—T ho working fluid in tho 
jet pump is also water, but tho principle of 
working is quite different. It is operated 
by tho conversion of the high-pressure cnorgy 
of a water supply into kinetic energy, and 
ns tho velocity is increased tho pressure 
diminishes until it may be that a pressure 
less than atmospheric is reached. This is 
effected in tho passage of the water through a 
converging nozzle N (Fig. 40), whioli is 



surrounded by a concentric chamber C 
communicating witli the lowor reservoir by 
means of a suction pipe. Tho reduction of 
pressure at tho face of tho nozzle duo to tho 
issuing jet induces flow in this pipe which 
combines with tho water from tho jot and is 
carried forward into a diverging portion of 
tho discharge pipe I), There tho dynamic 
pressure is partly reconverted into pressure 
energy sufficient to maintain flow against 
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the discharge head. The energy contained 
por lb. of (ho combined streams is 
Pi,/W -I- and must, he equal to H ( , I- the 

losses between flic vena contractu and the 
delivery surface, whoro p d , v tl , and if rf are the 
pressure, velocity, and head in the delivery 
pipe. 

The square of the velocity necessary for 
delivery varies as ll d and is independent of 
the (motion head h„ ami ns tlic loss of energy 
is proportional to a, 2 it will also he proportional 
to H l( . Fora given lift, therefore, the suction 
head should ho made as great as possible. 


The useful work done by the pum p 
~~ The work done on it 


Q«i.(H<i.+/|«) 

Qp. 0<i> - 


where Q # and Q,, arc tho ipumtitien from 
suction ami pressure supply respectively, and 
h p is tho high pressure hand. 

The actual values of i) roaehed do not 
oxcood 50 por cent, and are usually round 
about 25 per cent. 

This low oflioionoy may bo inerensed by 
substituting for tho single - stage impact 
between tho streams a multi-stage arrange¬ 
ment. Ily this moans tho loss of energy duo 
to shock when tho high velocity jut meets 
tho low velocity flow is substantially reduced, 
and tho oilioioney may lie raised to ill! per cent. 

Whon tho (laid used for the high-pressure 
jot is steam the injector becomes tho well- 
known locomotive typo associated originally 
with tho name of CtitTurd ami largely used for 
boiler feed purposes. 

Another modification may ho mentioned 
wiiero the above process Is rovorsed anil n 
highrprosHiiro water jot iH used to draw away 
stoam from, and to maintain a vacuum in, 
tho exhaust chamber of a stoam engine. Thin 
combination is termed an Ejector Oondensor. 

§ (45) Air-lift Fumi*.—T lio method of rais¬ 
ing water on tho aeration principle is another 
example still of tho direct application of a 
working fluid, and has found oonsidorablu 
favour during reeont years especially as 
applied to artesian wells. It consists primarily 
of two pipes, ono (A, Fig. 41) having its lower 
end submerged in tho liquid to bo raised and 
its upper end arranged to disehargo into a 
resorvoir at tho required height, and tho 
other («) for convoying air from a compressor 
to a nozzle n, situated in tho submerged 
opening of the rising main. Tho air is diffused 
through tho water in tho uptake pipo and 
forms a mixture having a low specific gravity. 
The pressure of the hoavior fluid in tho 
surrounding easing forces tho lighter mixture 
above the supply iovol and out of tho top of 
tho delivery pipo. Tho difforonce of pressure 
thus obtained determines tho height to wbioh 
tho water can bo lifted, and will vary with 


BIO 

the depth of submersion of tho pipo. A 
sketch of three alternative forms of the 
arrangement is shown in Fig. 41. 

The air tuho may ho litted either concentric 
internally or externally to tho uptake pipe 
or parallel to it. To tho limb (1) °f these 
methods the objection is raised that it increases 
the frictional resistance to the water flow und 
consequently lowers the oflieienoy, hut it is 
very convenient in the, ease, of a small boro 
hole. The second (2) admits of more olTeolivo 
air distribution which is nn essential in this 
type of pump, hut where the well is of largo 
diameter the system of parallel pipe (II) has 
the advantage of being most mild ily access¬ 
ible and very flexible. Broadly speaking, tho 



Fid. II. 

lonst pressure of air that will givo continu¬ 
ous flow is tho proper pressure to use, Its 
approximate valuo is 415 lb, per square inch 
for each foot of lift from tho smfueo of tho 
water. 

Tho cflloionoy of this typo of pump is low, 
and reckoned ns tho ratio of \mtor H.l.k 
to tho compressor cylinder I.H. P, does not 
exceed 4f» per cent. If caleulatod from tho 
iiulioatcd.powor of tho prime mover not more 
than 110 por cent would probably ho registered. 
Against this low oflleieney must ho set tho 
simplicity of tho mechanism of the pump, 
its onso in setting up anil tho immunity it 
possesses from tho scon ring mid choking 
o(Toots of sand or sediment. Those latter 
considerations probably account for the revival 
of interest in this ingenious typo of pump. 

.III. Tub Am.io.UTON ok Water Power to 
Industrial I?imrosns 

§ (4(1) Tim Enkuoy of Stored Water.— It 
has been seen how supplies of water can ho 
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collected from natural smiivos and stored, 
or made available by artificial moans for tho. 
pur]msc of distribution lo satisfy the require- 
nicmts of (lie consumer. If is with tho means 
taken to utilise the power Intent in a supply 
that it is now proposed to deal. 

Tho capacity for work of a store of water 
may lie marie tho moans of furnishing work¬ 
ing forces during the descent of tho water 
from a higher to a lower level, through a 
properly designed machine, whereby a steady 
motion of that machine may bo maintained 
against various resisting forces. 'If (). ho the 
quantity of water in cubic feet per second 
available, H the total available head in foot, 
and W tho weight of 1 cubic ft. of water, then 
tho Capacity for work or Potential Energy 
of the. wilier =s WQII ft.-lbs. per second, and 
this is equivalent to .11 ft.-lbs. per second 
per lb. of water. The ratio of the useful work 
done by tho water in its descent to the poten¬ 
tial energy or rapacity for work latent in the 
water when stored is termed the eflioieney of 
tho mueliine. Machines designed hi utiliso 
this potential onorgy are called Hydraulic 
Motors or 'Prime Movers. Tho work done is 
due entirely to the lass of head of tho water 
(luring its descent, but tlio method of applying 
tho energy will depend on the type of motor 
selected. In general, it consists of n wheel 
which is paused to rotate either by tho woight 
of tho descending water or Ity tho dynamic 
pressure arising from a chango in direction 
and velocity of the moving stream. Vision 
engines, wlicro the water does work in virtue 
of its static pressure only, form, howover, an 
important class. 

When tho water enters the wheel at one 
part only of the oi room foremen tho machine 
is called n Water-wheel; when it enters the 
entire ei reum foreneo more or less simultane¬ 
ously it is called a turbine. For convenience 
it is proposed to classify the various types 
into t he three main divisions; (a) water-wheels, 
(l>) turbines, mid (c) pressure engines, and to 
oimsider them in that ordor. 

§ (-1-7) Wavkii-wiii-:ki,s.— -In this division tho 
working force is obtained : 

(i.) .by the weight nf the water, producing 
rotation an in the overshot and breast wheels; 

(ii.) By utilising the kinetic energy of a 
moving stream ns in undorshot wheels; 

(iii.) From tho impact of a high velocity 
jot of wator as in tho Poitou wheel. 

(i.) Overshot Wheels .—The construction of 
this typo of motor, which was very general for 
small powers with heads ranging from 15 to 50 
foot, is very simple and is illustrated in Fig. 42. 

Tho water is supplied, as near tho highest 
point of tho wheel ns possible, to a sories of 
buckets formed of shrouded vanes, and 
escapes when tho outer part of the bucket is 
horizontal, which occurs before tho lowest 


position of the bucket is readied. The useful 
head is less than tho theoretical head 11 (a) by 
an amount which depends on this disehurgo 
position, and (b) bv the amount required to 
supply the kinetic energy of the stream, If 
h is equal to tho total head thus absorbed, 
then It-// will represent that available) for 



useful work and tho oflicicney possibles is 

=(H -A)/H. 

Maximum cITioienoy is obtained when tho 
peripheral velocity of tho wheel is equal to 
one-lialf tho velocity of tho inflow water. 
To provent loss by shock at entrance to tho 
buckets tho vano angle at the tip should bo 
parallel to tho relative) motion of the wator 
and vano tlioro. This tingle is usually arranged 
to make 25° to 30° with the tangent to tho 
circumference;, and as a consequence tho bucket 
rolnins walor for a vortical distanco nearly 
equal to -8 of tho wheel dinmotor. When 
working under suitable condition ofiioioncies 
up to 80 per cent may ho obtained. 

(ii.) timid Wheel —Where tho working head 
ranges between 0 foot and 15 feet the supply 
is admitted to tho 
buckets at some 
point situated in 
the breast of tho 
wheel (Fig. 43). Any 
loss of head duo 
to the premature 
escape of tho water 
from the buckets p I0 ,j;j_ 

becomes propor¬ 
tionately greater, sinco tho head is less, and 
is prevented by tho building of a breast¬ 
work of masonry with a minimum olouranco 
between it and tho wheel. Precautions similar 
to those taken in tho overshot typo aro re¬ 
quired to prevent shock at entry, and special 
provision is made of air vents at tho inner 
ciroumforenco of tho wheel to let the air out 
as tho water rushes into tho buckets, Under 
favourable circumstances an efficiency of 05 
per cent may bo reached. 

Tho tiagabicn wheel is a form of breast 
wheel in which tho bneliot is replaced by 
long flat vanes, tangential to aoircio eoneentrio 
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witli tho wheel and making an angle at tho 
on tor oirou inference parallel to the relative 
velocity of water and vane as shown in Fig. 44. 
The velocity of rotation is proportional to tho 
flow, and the wheel is therefore capable of 
dealing with largo variations of supply, Any 
increase of the load, however, has the effect 
of slowing down the 
wheel and reducing 
the supply just at 
the time when an 
increase of energy 
is most rcipiired. 
Mflieioneics up to 
HO per cent have 
boon attained by 
this form. 

(iii.) Undershot and Poncdd Wheels ,—In 
the undershot wheel adopted for low heads 
of 3 feet and under, work is done by the 
action of a moving stream impinging against 
a sorics of radial vanes set round tho circum¬ 
ference of the wheel, tho change of momentum 
of the water being a measure of the force 
applied. The wheel dips into the stream, 
tho tips of tho vanes just clearing the bottom 
of the channel. A maximum olliuionoy of 
50 per cent is obtained with a peripheral 
velocity of wheel one-half tho velocity of tho 
stream, bub in practice tho ofllcionoy does not 
roach more than 
35 per cent. 

A modification 
of this wheel is 
tho Poncdd wheel 
{Fig. 45), wliero 
the vanes instead 
of lining radial are 
inclined backward 
to mulco an angle 
at tho tips with 
tho oiroumfor- 
onoo. .11 y this 
means loss at 
ontraneo due to 
, shook is avoided, 
while if properly designed tho loss of energy 
in tho disci large stream is reduced. 

Jf t)<=>tho absolute velocity <>f water at entrance, 
a*< 11 to angle which it makes with the tangent 
to the circumference at lliu tip, 

?(/■= peripheral veloeity of vano lip. 

(а) To avoid .Shock tit I'Jnlrancc .—Hince mid Vf 
arc completely represented by ttb and cb rc.s|icatlvoly 
{Fig. 45), the relative velocity py will bo represented 
by tie, mid tho angle /j which it makes with ?q should 
bo that between the vane a ml the circumference. 

(б) Minimum Loss of Kinetic Energy to Discharge 
.Stream .—The relative velocity of water mid vnne 
on discharge will also make an angle /f with w 0 , and if 
it bo assumed that there is no frictional loss In tho 
bucket it will have the same value but bo opposilo 
in direction, mid will therefore bo represented in 
the fignro by ca. »Since v 0 is tho same ns «<, tho 
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I absolute velocity of discharge .y will lie represented 
; by tj«, amt will be a minimum when its <ii rent ion is 
I perpendicular 1«i mid have a value of l>, sin a. 

■ In Ibis ease »•/ eos 

I 'J'lm capacity for work of the water nl entrance 
: is proportional to t 1 ,- 4 and the energy transferred to 
' the wheel to r," - iy-. 


Kflieit-ney if • 


i 2 I -sin 2 n) 


« is imually made equal to nhmil ]o° and the 
lliemclieiil c-llieieney of the wheel is tl.'l per cent. 

| Again, since tnu tail a. (be value of ji is 

(iv.) Pel Ion Wheel .— I5y fur (lie most im¬ 
portant of tho class of wuler-whcels is that 
known an tho l'clhxt wheel, almost invariably 
adopted for heads over 500 feet. It is of a 
purely impulse type. Tho water is supplied 
to one or more nozzles in which tho potential 
cm orgy measured by the fluid pressure is 
converted into kinetic energy. The issuing 
jot from the nozzles in directed on to a series 
or buckets iixod round tho periphery of tho 
wheel. In the lirst stage of its development 
the buckets consisted of Hat plates, but thcso 
wore later replaced by hemispherical cups, 
fixed ul l on lately oil each side of the centre 
line of the wheel and concave to the jol, 
whereby the theoretical oflieicmiy of the wheel 
was doubled and mndo equal to unity. iSiueo 
then tlio improvements have been mainly in the 
diroetion of evolving a type of lie (diet which 
would bring tlio practical ellioienoy within a 
reusoimhln distance of tho theoretical one. 

ilftir tho (Mips there has been substituted a 
HOrioH of concave huckols fitted with knife-edge 
ridges ho ns to split tho jot, and having curved 
HiiiTncoH arranged to dedoct it to the sides 
of the wheel with as little fruition ns possible. 
In this maimer the central portion of the jot 
i’h used with the greatest died. 

Those improvements have boon ho aiioccssful 
that with tho designs now in common use 
dlioiendcH up to 8(1 per cent are being obtained. 
Ill addition there is a long range of loads within 
which ellioienoy is well maintained, having a 
value of 85 per cent nfc half load and reaching 
8(i percent at one-third of the normal loading. 

{v.) Kfjir.ie.nqi of Pel toil Wilt'd .—This de¬ 
pends on tho velocities of the jet and wheel, 
tho angle at which the jet strikes tho bucket, 
and tho angle through which it is dellecled. 

Wo assume, as a first approximation, Mint 
tho jet is moving tangentially to the wheel at 
impact and i« deflected through an angle 
which approaches 180". The modi Ileal ions 
required if tho jet is not tangent ink will ho 
found In books on hydraulics. 

J.ot u bo thi) velocity of the bucket nt the point- of 
impact—tho eon lie of the jot, 
v tho initial velocity of the jot, 
c the ratio of tlio relative velocity after impact 
to its value before. 
y the angle of (lolledion of tlio jol. 
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Then 

({olntivo velocity before 

imjiact . . . -i>-u, 

Jtelalive velocity it f I or 
impact . . . 

Absohdc velocity ill t.'ill- 
gcntiul ilirei'lioii after 
impact . . . — «-|r(y-?i) cos y, 

f.'liange of nininculiitii per 
HPaoiid per Jli. of ivafer 
striking tliowheel . =v- {« ! <;(»-?«}cosy} 

=(i>— «) •{ 1 — c COS y}, 

Work dono per lb. per 

. «(w- u)(l -ccosy) .. 

neeond . . . - -- - ft.-lbs., 

0 


Efficiency 




h(i>- n)(l -c cos 7) 

</h 


To find for vvliafc value of u the oflicionoy is 
a maximum, assuming c mid 7 independent 
of n, wo put tly/Hu —O, whence wo obtain w= 2 u, 
or lho velocity of U 10 wheel at the point of 
impact is lmlf that of tho jot. 

In thin case 

. « 3 (1 - c cos 7 ) 1 ., 

Mlcioney = ——^=-( l ~ e cos 7 ), 


since v is tho volooity duo to a fall through ft 
height h. If thorn ho no friction in tlio buckets 
mid tho jot is deflected 180°, then c eos 7 - -1 
and v = 1. In practice tho miglo of deflection 
ia ahout 1 ( 10 ° and the maximum thcorotioft] 
ofliaioncy ia ahout 9/3 por cent. Other Iossch 
firing tliia down to about 85 per cent. 

(vi.) Design of Bnekcts. —Tho path of tho 
water particlo across the lmekot is represented 
in Fig. 40 for two positions: (i.) whero tho 
jet first impinges on I ho bucket, (ii.) whero 
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.y parallel to tlio tnngont to 
fc«LO point of impact. 

In (i.) tho direction of tho relative voioeity 
at inoidonito ia given by ah, tlio point of im- 
paet boing b. It is shown dingrammatically 
doflootod by Lho oiirvnluro of tho buokot 
until at 0 its tangential direction is rovorsed, 
ami it finally loaves tho wheel at <1, where its 


relative velocity should bo parallel to n and 
espial to it if its absolute tangential voioeity 
is to bo zero. 

In (ii.) tho jot strikes tho buokot nearly 
parallel to tlio direction of u and a is approxi¬ 
mately zero, therefore tho relative velocity ia 
tangential mid in the direction nb. Its direction 
is reversed at c anil the full deflection angle is 
completed at d. For zero absolute tangential 
velocity at that point t v T — pi,. - v - u ~ u, there¬ 
fore v = '2u. Tho width of tho buckets is from 
threo to five times the diameter of tlio jet, tho 
ratio varying inversely ns tho size of the jet, and 
tho ratio of the wheel and jet diameters should 
not ho loss than 10. Tlio number of tho 
buckets should ensure that the jot is con¬ 
tinuously intercepted, each bucket being in 
action until tlio one following is in a position 
to roceivo the jot. 

(vii.) Sjiced Regulation. — With any con¬ 
siderable doparturo from the theoretically 
correct ratio between the velocities of tho 
wheol and jot there is a substantia) reduction 
in tlio efficiency, and if tlio latter is to bo 
maintained tlio means of regulation adopted 
should enable this ratio to be kept as nearly 
constant ns possible through wide variations of 
load. Thom should also ho, in response to 
load olumgcs, corresponding changes in tho 
quantity of water used, and any retardation 
of tho flow in tlio pipe line when necessary 
must bo slow and gradual if dangerous inorcnscs 
in the pressure are to bo avoided. 

Since tho wheel ns a prime mover lias to 
maintain a constant speed of rotation however 
the load fluctuates, it follows that for the sake 
of efficiency the voioeity of the jot must also 
bo kept constant. When load is taken off 
therefore the method of regulation should 
consist either of diverting, wholly or partially, 
tlio jet from tlio wheel, tho total quantity of 
water used remaining the same, or of diminish¬ 
ing tho quantity while still keeping the voioeity 
of (low constant. 

The menus of applying tho first of those 
forms of regulation is by swivelling Lho nozzle, 
which is thou fittcif with a bnll-nnd-soohet 
joint, or by interposing a dodeetor - plato 
botwoon tlio nozzle and tlio wheol and so 
causing tlio stream partially to miss tho 
buokots at part load. Under theso conditions 
there is an obvious wnslo of energy and tlio 
direct discharge of tho jot into tho whcelpit 
may prove troublesome, but there aro the 
advantages that no sudden rise of pressure 
will occur on change of load, and tho flow 
through tlio supply pipe will bo constant. 
This method of regulation is seldom adopted 
in its simple form but frequently ns part of 
a combination regulator, 

Tlio use of a simple throttlo valve situated 
in tho supply pipo to diminish tho quantity 
of water with the load would result in varying 
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fcho velocity nt the jot and inducing a water- 
hnminer effect on partial dosing, besides 
canning a loss of energy by the obstruction 
it presented in the pipe, 

Tho arrangements actually in nao are of 
two types : 

(a) Whero tho nozzles are roetangular a 
portion of tho jet may bo out off by a sluice 
sliding across the orifice. The nozzle at A 
{Fig. 47) shows the uppor side formed by a 
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flap binged at a, fixed in position by a 
connecting-link attached at b and operated 
from the governor. Tho hood regulator in 
the example ill consists of a quadrant pivoted 
at c ami worked by a hand-wheel through a 
rod connected at <1. 

(A) Tho section of a circular jet may be 
partially or wholly reduced by tho endways 
movement of a spear or noodle regulator, 
i consisting of a 

Ty\vY needle of tapering 

V- section fitted in- 

f\|. vfc v-. . f . ' sido the noz'/.lo 

axially with tho 
I jot ns shown in 

Fig. . 18 . Fig AH. When pro¬ 

perly proportioned 
the jet issues as a clear and transparent 
rod more or less hollow but converging to a 
solid cylinder of water at a short distance 
from the nozzle. Tills needle is a feature of 
practically all regulators now in use. 

The regulator iu most eases is worked auto¬ 
matically from tho governor, ami tho operation 
may bo divided into tho two stages of obtaining 
the necessary' power and applying it. With 
high - pressure and largo - capacity machines 
tho power required to movo tho regulator, 
if directly connected, would be beyond tho 
capacity of an ordinary mechanical governor. 
Because of this an hydraulic typo actuated 
by water pressure was ovolved, but this is 
now generally replaced by an apparatus de¬ 
pending on oil pressure. Tho principle on 
which it no Is is illustrated dingrammalically 
in Fig, 49—high- and low-pressure oil supplies, 
A and B, are connected to a ohamher Cin wliioh 
a distributing valve works ; the valve passages 
communicate with tho opposite ends of a 
cylinder containing a piston, tho motion of , 


which operates the regulator. When tho 
position of tho governor balls changes as a 
consequence of load variation a rise or full of 
tho sleeve K occurs; there is an angular move¬ 
ment of the lover ]?0 about Cl ns a centre, u 
displacement of F and therefore of the dio- 
f ributing vn 1 vo takes place. Oil under press¬ 
ure is accordingly allowed to pass to either 
tho top or the bottom of the piston, wliioh 
moves correspondingly. In addition to its 
action on the regulator this alters the 
position of fl, and them is n further 
angular movement of EG, with R, as its 
centre, which tends to restore F to ils mid 

3 position, When this Orem'S pressure is out 
off and tho piston conics to rest. The 
mechanism is then in lend in ess to meet 
any fresh fluctuation of speed. 'This 
arrangement, or some modification of it, 
is practically standard as a means for 
obtaining power to actuate tho regulator. 
There (dill remains, however, tho dillieulty 
of applying the methods of regulation in 
such a way ns to prevent a rise in pressure 
following a sudden closing of tho valve. Tins 
is mol in two ways : (1) a, by-pass valve (Fig. 
•17 (A)) in the supply pipe is opened temporarily 
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to pormit of the passage to waste of tho water 
cheeked by tho sudden closure of tho regulator; 
or (2) regulation is scoured at first by tho use 
of a deflector-pin to to divert tho jet, and 
afterwards by closing tho nciallo so gradually 
and slowly ns to provent any sorious rise of 
pressure. When stable conditions are restored 
tho by-pass valve is shut or tho deflector is 
swung olear of the jot. 

This method of regulating by combined 
needle and dofleotor is the most common of nli, 
anti tho application of tho motion of tho piston 
to it is shown in Fig, 50. UK is a link pivoted 
at I) and K and carrying a pin nt II, This 
pin works in a slob in tho end of the ncodlo 
rod NIT, and holds the needle regulator N in 
any required position against the pressure of 
a spring ft. This spring works in a dash pot 
J. On tho motion of tiio piston tho point J) 
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moves to D„ causing the deflector M to cut. into 
the jet, and the link jiin slides along the slot 
from It to H,. Tim pressure of the spring 8 
tends to close the needle suddenly, hut its 



movement is damped by the daslipot fluid so 
that the closure is slow and only continued 
until tho end of tho slot again bears on tho 
pin H. 

(viii.) Surge Tan !:.—If tho length of tho 
supply pipe lino is considerable in comparison 
with tho total head it may be that the water 
in the pipe line cannot accelerate with sufficient 
rapidity for good governing in tho enso of a 
sudden demand. This obviously cannot bo 
dealt with by the regulator, and a remedy is 
found in the provision of a standpipe or surge 
tank. Tho standpipe consists of a vortical 
open pipe with its lower end connected to tho 
supply pipo near its junction with tho prime 
mover; its height is such that under a static 
pressure equal to that of tho supply head tho 
water level is a littlo below the lop. An in¬ 
crease of pressure at tiro prime mover, duo to 
a sudden closing of the valvo, causes tho water 
to rise in tho standpipe and absorbs the 
kinotio energy of the water column in the 
supply pipo. Any excess produces overflow 
at tho top, so that tho maximum pressure) 
possible in the supply pipe will be practically 
equal to that of the supply head, together 
with tho head equivalent to tho energy 
absorbed in tho overflow. In tho event of a 
sudden demand for more powor tho water in 
tin! st andpipe, being more easily accelerated, re¬ 
sponds roadily and supplies tho additional quan¬ 
tity required until tho water column in tho 
main supply pipo has had lime to uccolorato. 

The larger tho area of tho standpipo tho 
less will bo tho amplitude of tiio oscillations 
set up in it, but mechanical difficulties and 
considerations of cost put n limit on tho per¬ 
missible size. A modification designed to 
offcct tho same end without tho disadvantages 
of very largo diamotora has been introduced 
in the differential surgo tank. It consists of 
tho simple standpipe having a diameter 
approximately equal to that of the supply 
pipo, and communicating at tho top with 
a large diameter tank, normally through a 
comparatively small opening A, but in tho caso 
of an extremely heavy fall in tho load, provision 
is made for tho water to escape by special 
opening B, and over tho top, as shown in 
Fig. 1>1. 

Tho improvement lies in tho throttling effect 
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of the small opening botwcon tho upper tank 
ami the standpipe, A sudden demand for 
power is mot in 
thefirst instance 
by the water in 
tho standpipo 
owing to its easy 
acceleration, 
and secondly by 
the slower ac¬ 
celeration which 
takes place in 
tho lank. The 
advantage is in¬ 
dicated in the 
diagram Fig. 
iIIa, wlicro the 
falls in tho sur¬ 
face level of tho 
Btuudpipo water nro plotted against intervals 
of timo for both simple and differential types. 
Tho limiting height of standpipes is about 200 
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feet, though there are eases whore this has 
boon exceeded. 

§ (48) lMrur.SK Tuiuuhb: Ojkaui>.~A 
turbine has already been defined as a wator- 
whcol to which water is admitted simultane¬ 
ously at all points of its circumference. Thcro 
is a class which only partly satisfies this 
definition, namely the Impulse Turbino, a 
typical example being the tlirard. It may bo 
regarded us a Belton wheel with multiple jots 
impinging on curved vanes which rcplneo tho 
Imokots, aiul having guide passages to servo 
ns substitutes for tho nozzle. Tho vanes cause 
ft change in the direction of tile flow of tho 
water and consequently of its mmnontum 
tangential to the turbine. Thus forco is 
oxorted and work is done on tho turbino 
shaft. 

Tho pressure of tho water throughout tho 
wheel remains uniformly equal to that in tho 
turbino Casing and is usually atmospheric. 
To ensure this tho water is prevented from 
filling tho spaco between any two ndjaoont 
vanes by the introduction of ventilating holes 
which admit air to tho wheel passages and 
confine tho stream to tho driving side of tho 
vanes. 

Tho general direction of flow may either bo 




y' Outward Radial Flow 

rm. r»:i. 

half that of tlio water veluoity ns it issiieu 
from tlio guide passages, but in practice it 
is usually about tlirco-fiftlin. This typo of 
wheol may bo used with heads as low ns 18 
inches; in this caso it is necessary that the 
wheel should bo horizontal in order to avoid 
tlio relatively largo dilToi'oneo of lovol which 
would exist between tlio diametrically opposite 
vanes of a vortical wheel. With such a low 
operating head an oflioienoy of per cent 
may ho vouched, but when working moro 
normally with higher beads, vahios up to 80 
per oont aro attained, and oven with part 
loads this ofllcicncy is well maintained. 

§ ('10) Phhssuhe TmuuNBs. (i.) Fourne.yron 
or Outward Flow Turbine .—Tho first of tlio 
real class of turbines is tho outward radial (low 
reaction wheol invented by Fournoyron in 
1827. By reason of its cheapness and high 
efficiency it largely replaced for a time all 
othor forms of water-wheels. Tlio arrango- 



tlirough tho wheel being of necessity divergent, 
with a consequent production of eddies, no 
further improvement was possible. A dis¬ 
advantage of this typo is tlio diflicully of 
governing. Any increaso in tlio speed of the 
whool duo to it rcduoUou in load incronBOS the 
kino tic energy nt discharge, tiins lessoning the 
discharge pressure head and tending to in¬ 
crease instead of diminish the How: a further 
inoronso of speed therefore results, ami govern¬ 
ing Is rendered more diflioult. 

(ii.) Jon rid Turbine ..—Tho .Tonvu! turhino, 
iiko Us prototype the Bordu wheel, is of the 
axial flow variety. A radial section shows 
tlio wheel buckets as rootangiilar, hut tlio 
vanes which form their radial hounding aur- 
facos usually nmko an angle of 90° at cnlmnon 
and curve away to a much flatter angle nt 
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discharge. It differs from the iiorda wheel 
in being filled with railial guide vanes which 
direct, the pressure water into tho buckets, 
and slxuvs <l marked improvement not only 
on it but on the Fount cyron immhiiio us well. 
The main advantage lay in tho fact that tho 
million of each water particle was confined 
to one tangential plane, and had practically 
no radial velocity. Thus the governing was 
not complicated by pressures duo to centri¬ 
fugal forces. On the other lmml, since each 
particle entered tho huokot at a nearly uniform 
velocity, and since the linear velocity of tho 
entrance points of tlio bucket vanes varies 
with the distance of the points from the centre 
of rotation, it follows that the vane angle for 
correct design would require to vary with tho 
radius. As this cannot conveniently ho done 
it is necessary for ollicient working cither to 
make tho radial dimension of tho bucket small 
in comparison with the radius of the whcol or 
else divide it into sovoral parte, each compart¬ 
ment having its own vane tuiglo. This also 
facilitates speed regulation since tho circular 
slido, which on ft reduction of load or an in¬ 
crease of head is made to shut off a numbor 
of the buckets, does so in sections corresponding 
to tim divisions, fly this means a fairly high 
part-gate efficiency may lie maintained, vary¬ 
ing from 74 per cent with ono out of three 
sections open to SI per cent with all throe 
sections open. 

(Hi,) Fra licit nr Inward Flow Wheel .—.Tust 
as tho Fmirncyron Lurbino wan superseded by 
the Jonval, so tho latter was displaced by tho 
Francis inward flow turbine. The Francis 
is directly comparable to tho Fouriioynm 
with tlin direction of flow reversed, but 
possesses many advantages over it. The 
inlet is Intuited at tho outer oireumforonoo of 
the runner, as shown in Fit/, 55, and a portion 
of tho supply lum<l 
at entrance is re¬ 
tained in pressuro 
form to balance tho 
centrifugal pressuro 
of tho wator in tho 
whcol, being after¬ 
wards utilised during 
its passage through 
tho vanes. As a con- 
sequonco the volocity 
of inflow of tho water 
is considerably less than in machines of tho 
impulse type and a lower peripheral speed of 
riumor can lie adopted, wliilo tho hydraulic 
friction losses will bo proportionally lessoned 
throughout. Apart from ordinary means of 
regulation common to tho various types of 
turbine, tlio inward flow form tends to be¬ 
come self-regulating as an inoroaso in speed, 
duo to diminution of load, causes an inoroaso 
of pressuro at entrance and a lessening of 


the velocity of flow. A Francis turbine is 
classified ns low pressure when the working 
head is less than 75 feet; the turbine is 
then installed in an open flumo. With heads 
of from 75 to 180 feet, when a circular easing 
is used, it is termed medium pressure. A high- 
pressure turbine employs a head having a 
range of 150 to 550 foot, when it is provided 
with a. spiral casing. A very great develop¬ 
ment has taken place in the first of these 
classes, especially in the direction of high-speed 
runners, of which Fig. 5(1 is a typical example. 



As nn indication of tho magnitude of tho In. 
sfnllatlous now becoming general that of tho Lnnron- 
tidc Co., Quebec, may bo cited, whore plant con- 
"luting of -six unite eaoh of 20,000 b.h.p. working 
with a head of 70 foot at 120 revolutions per minute 
and having a single voi-Ueal runner was laid down 
in 1915. At tlio other end of thin class may h 0 
quoted tho Chester Municipal power plant operating 
with on average head of 7 feet and consisting of 2 
units of 415 and 305 b.h.p. und speeds of 50 and 55 
revolutions per mimilo respectively. 

For medium • pressuro plants tho single- 
runnor type scorns to ho gaining in favour on 
account of tlio high ovor-all mechanical efficiency 
obtained. Spiral casings aro now being used 
instead of the circular form, and tho largest 
output per unit is that of the Tnllasseo Fewer 
Co., U.S.A., whore 31,000 h.p. is generated 
per runner at a speed of 154 r.p.rn. under a 
rmt head of 180 feet, and having a guaranteed 
efficiency of 00 per cent. 

Tho high-pressuro Francis turbine ling of 
lato years raised its uppor limits und invaded 
tho field previously hold exclusively by tho 
Poitou wheel. Heads of 500/(100 feet aro now 
not uncommon, and tho maximum readied is 
745 foot. With high bonds in order to ensure 
freedom from break-down tho axial thrust is 
eliminated wlicro possible by tho uso of double 
runners operating back to back, when no 
«pooinl thrust boon tig is required. In the case 
of the single-runner typo special balancing 
methods aro necessary. 

(iv.) Suction Tubes .—The success of tho 
Francis typo of turbine has been largely duo to 
tho use of the suction or draft tube which 
permits tho plant to ho orcotcd at a convenient 
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height above the tail race without loss of head 
and enables part at least of the energy eon- 
tailed in tho veloeity of (lie water as it leaves 
the nmiior to bo eonvoi'tcd info work. This is 
of the utmost importance in connection with 
high capacity runnors where tho discharge velo¬ 
city of the water may represent 15 to 20 per 
cent of the total head, tho over-all efficiency 
therefore depending upon its more or less 
complete recovery. Tho device, which is due 
to Jonvnl consists in lengthening the dis¬ 
charge pipe until its lower end is always sub¬ 
merged in tho water of tho tail race, the. 
surface of which is of course at atmospheric 
pressure, Tho pressure at the discharge side 
of the turbine blades will therefore he less than 
that at the surface level of tho tail race, by an 
amount equal to tho dilTcrcuco of tho static 
head between turbine and tail race and limy 
approximate to 25 foot. Tho area of the 
suction tube at its connection to tho turbine is 
inn do equal to the discharge urea of the. runner 
and gradually increases towards the outlet end, 
thereby converting part of the kinetic energy 
of discharge into pressure head. 

(v.) Vortex Turbine ..—lleforeiioo 1ms been 
made to the spiral casing used in medium and 
high-pressuro turbines, This was an improve¬ 
ment introduced by Professor James Thomson, 
together with a special form of guide vane. 
Tho water is brought tangentially into the 
large end of the spiral and is then directed by 
tho curve of the easing through a series of 
movable guides pivoted near their inner end 
so as to follow tlie lines of flow in a spiral 
vortex. The guides arc so connected by hell 
ormilc lovers and links as to move simultane¬ 
ously when acted on by the governor, and thus 
shut nil' water equally from all parts of the 
wheel. As fitted to tho modern Prnncis turbine 
the number of guide vanes, which was formerly 
small, is now nearly equal to tho number of 
wheel vanes j the guides arc of a shorter typo. 

sj (50) Sun ion KkuijIjATIoh. —There arc threo 
types of construetion employed to regulate tho 
quantity of water admitted to tho turbine, 
namely, (a) cylinder 
gate, (l>) regislor gate 
(outsido and inside), 
and (c) wicket gate. 
Thoso Iiavo as their 
common feature tho 
throttling of tho 
supply to or of tho 
discharge from the wheel, («•) being illustrated 
in Figti, 51 and 59, mul (5) and (c) in Figs. 57 
and 58, Roth («) and {6), though simple to 
operate, suffer from the disadvantage that, 
whon controlling the inlot, tho ontoring wator 
after contraction at tho edge of tho gate ex¬ 
pands again to fill tho whool passages. Eddy 
formation and consequent loss of energy ensue. 
In (a) this dofoct is sometimes modified by 
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dividing the wheel hv diaphragm plates (/'«/. 
51), so Unit it becomes a multiple wheel. Tho 
effects of the gnto are thus confined to one 
compartment and part-gate efficiencies are 
well maintained. 

Whoro throttling of tho discharge occurs, tho 
increase of pressure which results at the exit 



diminishes tho effective head and causes a 
greater loss of kinetio energy. The method 
( r.) has practically superseded tho others by 
eliminating impact losses and the formation of 
eddies by reducing obstructions to thoapproaeh 
of tho water to tho runner. The wicket gate 
consists of a number of streamline vanes, each 
pivoted on its mvn spindle and receiving move¬ 
ment from a regulating ring to which it is 
attached by a short connecting link. 

Tho method of operating the different types 
of regulators is usually by means of servo¬ 
motors, and lias already been discussed in tho 
case of the Poitou wheel. 

§ (5.1) Si’Komu SlT.Ki).—Tho very wide 
variations in tho loading cliaractcrislies of head 
and How of the natural water-power ro.suu icon 
in existence, and tho necessity of utilising each 
under its most favourable conditions, havo given 
j-iso to an individuality in tho design of turbines 
and made available for furlhor development u. 
great wealth of data. But in order to render 
the information useful for standardisation 
purposes it requires to lie based on systematic 
tests and correct design. Consequently a funda¬ 
mental basis of comparison is necessary. 
Now if H~head in feet, P“ brake homo- 
powor, N---speed in r.p.m., (J —quantity of 
water in cubic foot per minute, then for any 
given runner it follows that P varies as H>» 


CJ ns III, N as H*. 

.Tf Pj, Q„ and N x are tho values obtained 
when tho effective head is equal to unity, then 


P,= 


rr-3’ 


Qi = 


Q. 

if S’ 


Nj — 


N 


111 ’ 


and llicso values servo to compare turbines of 
the samo diameter and design. 

With machines of different diumotors and 
operating under different conditions, compari¬ 
son is made by means of a factor known ns the 
“specific speed,” which indicates tho speed at 
which a turbino would run when having an 
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output of 1 l).!i.]i. iiiiclor a head of 1 font. 
As-sii niin.LC F*,, <}„ N r , us above to bo Uio clmr- 
(iok'i-istii: values of a runner under a constant 
Load of II, foot, if now tho diameter of tho 
wheel and nil ifs other dimensions aro varied 
proportionally the variation of . 1 *,, Q,, mid N, 
may bo dolei niinod. 

Tims I’, niul Q, hid both proportional to I)- 
wliilo N, varies an I/O. 

.I’ll«« if I’, bo llm outjHit from a wheel of 
dinmoloi' I),, I), the diameter of a wheel whioli 
develops I h.p. in obtained from tlio equation 

1V:IV=? 4 :1V or J),- ^ • 
silico J * 4 = 1 ; ' 

and since N, j N, — T),: .1),, 

' Hi \V Mr/ «/H» 

Where more than one runner jxn- turhino is 
used the ouljmt I* is that of each runner. 

Tlio use of specific speeds as the basis of 
comparison enables runners of apparently 
different olmmoteristics to bo compared and 
development in the direction of tho most 
ollioiont to lake plaoo. As a conseipienco there 
bus boon evolved a slow-specd type of runner 
using a small quantity of water’undor a large 
head, and a high-speed typo using a largo 
quantity of water with a low head, anoxamplo 
of the latter being shown in Fig. CO. 

Tho prevailing tendency in recent years lias 
boon to increase the specific speeds and to 
develop tho high capacity runner, and progress 
him been so marked that tlio average ellloioncy 
as obtained from published tesls lms rison 
during tho Inst twelve years by about 10 per 
cent, and in several low-and meditun-pimmiro 
tni'bino.H of tlio Krnnois typo the measured 
oflioiency has exceeded 1)3 per cent for tlio 
former mid 1)2 per cent for tlio hitler. 

ft ( fi -) Tin:ssino: Tumtr.vi: Titmav. (i.) Relations 
of l'aua Augies.—U-X (ho velocity of l] 10 wafer as it 
leaves llm guides be v t , making ua angle a with the 
diligent to tins inlet circumference of tho wheel 
(Fig. fi«). .Let u t mid u 0 Ian the Inlet and outlet 
peri | il min I velocities of (ho wheel; w< and w 0 bo (Im 
ourrcsponiling whirl velocities, ami /< and f 0 (he 
riulinl volooitim of the wafer. Then 

ft tan a --=(wi - «,). Inn ft, 

( , tan «\ 

£ i'r ~}i eoseo ft, 

/o =*(wo - te 0 ) fan 7 , 
a v r r ~fo coflco y, 
mid if u?q 0 , then v 0 ==/„. 

(ii.) Work done in Runner. — 

Tlio iiiilinl moment of( QW 
numimiLiiiii j ~ -—<>>&(. 

The final moment of 1 QW 
Momentum j ~~ w ° r o- 


The moment on tho runner =clm age of moment of 

momentum 

QW, 

=-(HijJV - tlW'o), 

0 

QW 

----- u ie u «=(). 

'fhe work done on nmncr-.=iiiiinicul on wheel 

>: angular velocity 
QW QW 

—-11’,-rjftjiB ■Witt, 

0 <J 

ft.-llw. per second. 

ft.-lhs. per II), of 
!l wider. 

In a moving wheel the energy at enlraneo*™ 
work done per lb. of water■-I-losses through the wheel 
+liead at discharge. 

Tf all losses in the wheel aro neglected wo have by 
Uio equation of energy 

Vi . vr Pa «o 9 Wittl 
W l ^“W i ^T T »H. 

bid if «’o“= 0 , then tun «("(/« 0 ), 

anil 

Pi . "'< a -KfV 2 Vo fo 3 WiU t 

W '~*0 ~wVT 

vo j w,3 (\ ,ml a \ 

“w'V 7 \ ~fan7v 

W it] \ « 0 2 tan ft) 

= 11 . 

.-.m-J- _... 

' 2 ( 1 -(tan a/tiui ft)) -|-(tan «(rt//n 0 )) 3 , 
and 

,„ = 1 _/ 2.y(fL-( ? )7W)) 

tanpV 2 ( I - (fmia/lan/t)) -i-(taiwi(« < /« 0 )} 3 ' 
ffinco ai = wi( I - (tan a/Inn ft)), if ft is increased and 
«i mn in I iiincd constant, then ng diminishes and more 
energy ronmins in tho pressure form at tho inlet to 
tho nmnor. Tho tendnnoy is therefore to make 
/i=00°. If (It-(?\»/VV ))=1 [,^available head, then 
with this angle i«( = \*ij} f, approximately, that is, 
wffeg^UJi, mid half the available energy is in 
kinolio form and the other half in pressure. 

Theoretical efiioiciiey 

,, (WQ !a)wtut wr( 1 - (tan «/(an ji)) 

'“‘ “WQir, ~ ~7/if, 

__ ier( 1 - (tan n/taii ft)) 

’ (l[ ,r t 2 /~g) {2(1 - ((an it/tail /9))+tan s a. (fl/Viio 2 )} 

_ 2 { 1 - (tan o/tnn ft)) 

2 (l-(tnn a/tan ji)) -i-(lan a a. («//n 0 ) 2 ’ 

(iii.) Runner Discharge Angle ,—If the velocity of 
whirl w a nt discharge ho assumed to lin 0 , (lie 
following ouiiHidcmlioii will determine the dischargo 
vane angle 7 : 

tan 7 Wt tnl> ft , "f, 

«o «o«o «o ’ (to 

u 0 ~Vi. mid if ji ~-!) 0 u , then u>(—iti, 

rt til , 

tan 7 =-tan a. 

• Wo 
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If Hit* Lwlift! flow’ is constant <ii~n 0 , and therefore 
tain 7 ~('•(/(■„). tun «. 

(iv.) Change nj Pressure, through the Runner .— Tho 
total diltoienee of pressure Imtvveoil the inlet and tilts 
outlet circumference of the runner will bo equal to 
the change of pressure resulting from tlio motion of 
the wafer particle in a forced vortex with an angular 
velocity w added to the change of pressure duo to its 
motion [invalid to tlio vanes with a variable relative 
velocity v r . Thus 

Pi - Po Ul 2 - Up 1 0 i> 2 - pv 2 

w.->r ->,j ’ 

o l V —fo cosec y, <»>«=/< ensue fl, u 0 — u*°, 

pi - Po "r ( , >',r \ fr cosce 2 7 -ft'- eosee 3 ft 

■’•"W l u a ) . i'j 

In iiivxinl flow null) tun the dilforenco of prosauro 
Loads fo increase an tlio |ieri|>heral velocity of tlui 
runner increases so Unit Llm turbine becomes to 
n certain extent self-governing. This effect will 
increase ns tlio ratio r t : r„ increases. When iho 
direction of (low is ro versed as in the outflow runner 
Iho expression pi~p 0 l\V heenmes negative and 
increases if a sudden rod notion of tho load Cannes 
the speed to inercaso. Tlio supply of energy, there¬ 
fore, increases when it is desirable that it should 
diminish niul limiting ensues. Tliis is niioeiit,tinted 
ns the ratio ly : r 0 is rniulo greater. 

The general expressions for efllcienoy hold good in 
tho case of tlio axial-flow turbine, excepting that tho 
peripheral velocity w< at inlet equals tho peripheral 
velocity u a at outlet sineo ri'«r 0 , and lliere is conse¬ 
quently no change of pressure duo to centrifugal 
notion. 

§ (52) Mixun I'T.ow tm Amhiiu’an Tvx'h 
Turbin r. —A typo of turbine which makes tj« 
claim to special oflieiotuiy, bub which linn tho 
merit of lowness of first cost is illustrated in I 
Fig. 69. Tito wheel vanes uro curved both 



laterally and axially, tho path of tlio water 
through the runner boing approximately tho 
quadrant of a circle. A largo discharge area 
is thus secured and tho wheel is capable of 
dealing with largo volumes of water, hut tlio 
oxtm depth of wheel required at inlet results 
in a loworing of tho part-gato oflicienoy. A 

von. i 


higher peripheral velocity is generally adopted 
for this type, varying from -7 of tlio theoretical 
velocity of the water with full gate to •(> at 
half-gate for maximum efficiencies. 

A clifiieidty exists in determining tho correct 
inclination of the vane at various discharge 
points as (lie. velocity of (low across the outlet 
area in not equal. This is due to the frictional 
resistance to lloiv varying ns the length of tlio 
path t raced out by I lie water and t o the vary¬ 
ing centrifugal pressure induced. It is usual 
in practice to adopt a moan discharge angle on 
the assumption that tho outflow is uniform over 
this discharge section. 

Tho guides tiro usually' fixed and the regula¬ 
tion is entirely effected by goto or ring sluice. 

The best machines of this type when working 
under their most favourable conditions have 
an efficiency of about ■« at fall gate, when 
limy compare quite well with tlio Francis 
turbine, hut are at a decided disadvantage 
when working at half-gate, the efficiency falling 
to about ■tiff. 

§ (51) .Phkssuhb Enoinkb. --The class of 
motor described as pressure or hydraulic 
engines is important where a supply of high- 
pressure water is available and intermittent 
motion al' moderate speeds is desired. This 
is especially the ease when the load is morn or 
less enlist ant, though Iho variation in speed may 
he considerable, Under such conditions the 
reciprocating piston engine is to he preferred 
to any kind of rotary motor. 

The two most successful types which have 
been evolved have three single-acting cylinders 
set radially, their eontm-liiios intersecting at 
angles of 120°. In one of these tin; oylindors 
are fixed mid are fitted with trunk pistons ; (he 
arumceting rods act on a single omnk pin and 
drive tho crank shaft. The outer end of each 
cylinder—tho power stroke is imvnrdn--oun he 
connected alternately to tho pressure supply 
and tho exhaust through a passage controlled 
by a dine valve which rotates with the crank 
shaft, This is tho well-known Brotherhood 
engine, mid is shown in Fig. (10. 

In tlio other type known as the Itigg engine 
tho threo cylinders are arranged round and 
pivoted on a fixed hollow crank pin A. Two 
ports (111 tlio surfaeo of A serve to connect the 
cylinders in turn as they rotate to the pressure 
supply and exhaust respectively. Thu driving 
shaft Si of the macltino rotates about n centre 
which does not coincide with that of A; tlm 
distance between these centres gives tho throw 
of tho crank. 

A disc fixed to tho driving shaft carries 
threo pins, C,, ('„ 0 B , and the piston rod ends 
are oonneotod to these pins. Tho power stroke 
is outwards and odours uh tho cylinder rotates 
from D to E. For any position on tho somi- 
oirolc JXUO tho force oxortod by the piston on 
a pin suoh as C a has a moment in tho direction 
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of rotation about the centro of the shaft B. 
The shaft and disc are thus kept in rotation. 

In their simple form, however, both types 
labour under the disadvantage that if the loud 


Jj’io. flu. 

consumed remains constant and the officioncy 
foils at a vory rapid rate. For the economical 
transmission of power whilst obtaining powor 
control at constant speed or speed control 
with constant power, some method of nsing the 
water oxpansivoly or varying tho piston dis¬ 
placement becomes a necessity. 

Various devices have been tried to ovorcotno 
tho difficulty. These include outting oil' tho 



u-o supply beforo tho end of tho 
using an auxiliary low - preasuro 
.w complete it, and also tho uso of an 
.... ....amber similar to that adopted in pumps 
to meet inertia effects. 

Tho most successful method 1ms boon by 
varying tho stroke. In tho Brotherhood 
engine this was effected for a time by tho 
Hastio regulating device, hub was afterwards 
discontinued. In this dovioo tho rotation of a 


earn shaft relative to tho hollow crank shaft in 
Avhich it worked caused a cam to vary the 
crank radius and adapted tho volume of the 
piston displacement to tho demand for power. 

With tho Rigg typo the eccentricity of tho 
fixed crank pin about 
which tho cylinders 
revolver relative to tho 
driving shaft is capable 
of adjustment. As tho 
centres diverge from 
each other the stroke 
increases, its nuigni. 
tudo being twice the 
eccentricity, ami if the 
divergence he opposite 
in sign a contrary 
direction of rotation ro- 
hiiUs. A supplementary 
ongino or servo-motor 
operates the ohango of 
position of tho crank 
pin and 1 h controlled by 
tho governor. 

A full-power efficiency 
of 80 por cent at speeds from 200 to 300 
revolutions per minute bus, it is stated, been 
obtained with this typo of motor. 

IV. IIyduauijo Transmission of Energy 

ANI) ApPJ.IOATIONS 

In tho provious sections consideration 
lias beon givon to tho methods by whiolt 
a supply of water possessing potential or 
kinotio onorgy, oithor mhoroilt or acquired, 
may ho made to do work by sotting prime 
movers in motion. The motion or forco 
so imparted is tlion iiHimlly transmitted 
through trains of mechanism or machines 
to whore resistance may ho usefully over¬ 
come. 

Thoro arc, however, oxnmplcH which remain 
to bo discussed of tho diroot application to 
tho working machine of tho energy of the 
water, and also the vory important case 
whore advantage is taken of their physical 
properties in order to use fluids ns elements 
in a train of moohnnistn. 

Under all circumstances it is desirable that 
the supply of fluid should he brought to tho 
maoliino with tho least possible loss of onorgy 
and in tho most favourable condition for tho 
operation to bo earned out. 

§ (50) Capacity of a Pipe Line, —Tho 
onorgy transmitted through a givon pipe lino 
varies directly ns the velocity of flow and tho 
pressure, but ns tho frictional resistance of tho 
pipe varies ns tho squaro of tho velocity tho 
host conditions for power transmission will 
obviously bo low velocities and high pressures. 
Such conditions render tho hydraulic system 
readily adaptable to machines such na presses, 


is red need the quantity of pressure water 
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lifts, and o ran os in which the motion is 
comparatively slow anil intermittent, but 
whcro.tho force required to bo exerted is 
largo. 

Tim over-all efficiency of hydraulic trans¬ 
mission, including losses at the central station 
and on conversion into work, is generally 
about 70 per cent, but much will depend on 
the length of the pipe line. In tho pipo lino 
itself the theoretical ollieienoy may ho deter¬ 
mined ns follows : 


Let pressure nt inlet in lbs. per sq. in. 
(/.-=iliamclor of pipe in feet-. 

/—length of pipe in font, 
neuron of pipe in «q. ft. 
v = velocity of How in foot per second. 

W"■weight of 1 cull. ft. of fluid. 

Q--discharge in cubic foot per second. 

«i«hydraulic incnn depth. 

Kncrgy onloring pipo per sec. 

— If -- total ] ness mu x volooity 
=(I44 jxi)v foot-lbs. 

- -2«2 jxtv lf.1*. 

If /i is thn head required to ovcrcomo the resist- 
mioo to (imv of the pipo, \V the woiglifc of a oubio 
foot, and Q (ho discharge in cubic feat per minute 
(sec Part I. § (21) (ii.) and (iii.», then 

WQ 

Loss of onergy per second = ll / --/i^—- II,I*. 

JW VQ 

' nr.o * 


Ellioioney ~.y 


Jl* . V !.!!. 0 ir i> 

' L’f l>n fifiO 

If-If, fl t>* W I 
““"if “ 1 tym ’ fir>(j ‘ •2tt2p 


Hut 


11 

• 202 jia : 





Tlieroforo by substituting 


jin 3 

jfiap 


It will bo observed that tho conditions for 
high efficiency include: 

(«) A small value of II which may 1 k> 
obtained by hooping down tile velocity of 
flow and preventing it oxooodlng, say, -1 foot 
per see. 

(b) A high value of p and <1. A limit is 
put to tho rango of thoso factors by tho 
oonsidoration that tho saving offooted by tho 
incroftsod olfloionoy will ultimately ho moro 
than balanced by tho additional cost of tho 
groatoi’ diameter and thiokness of pipo lino 
roquirod, and by tho difficulty of preventing 
loakago at joints, h'or thoso reasons p is 
usually limited to 1200 lbs. per sq. in., and 
A to 0 in. Multipin pipes aro used whore tho 
power roquirod is greater than tho oapaoity 
of suoli a pipo. 


Tho energy actually transmitted by tho 
pipo lino 

and this will ho a maximum if 


H =™\/ v jr 

when it will have the value 



This gives an efficiency uiulor these conditions 
of 00. 

Hydraulic pewor supply departments have 
boon established by many of tho large Muni¬ 
cipal Corporations, the pressures adopted 
varying from 700 to 1000 lbs. por sq. in. Tlu> 
water used is generally from the town’s pnblio 
supply, and its initial pressure is in soino cases 
ulilisod to work an intensifying pump by which 
n small proportion of tho total quantity is 
forced directly into tho high-pressure main. 
Tho ronmindor is passed to a stnmgo tank, 
from which it is pumped by stoam-driven 
pumps into a main pipo feeding the accumu¬ 
lators which aro tho reservoirs for tho power 
supply. 

h’or heavy, oumboinomo, and slew operations 
such a supply is pre-emlnontly suitable, and 
tiie systom bus tho merits of eheapness and 
direct applicability without any intricate 
moolmnlflin, and of ease in detoeling lenkago. 
Tho princiiial ohjecUoiiH urged against it 
aro tho trouble with nir-lncks and the danger 
of bursting during frosty woathor, necessitating 
the draining of cylinders when not in oporation 
or external heating at vulnorablo points. In 
spite of thoso drawbacks hydraulic transmission 
of energy is now extensively adopted. 

§ (fid) I’ll'B - link Awmanohs. (i.) Ac¬ 
cumulators .—Although tho supply of onorgy 
from tho pumps is 
designed to equal tho 
over-ail demand for 
power over a con¬ 
siderable intorval of 
time, tho demand is 
usually intermittent 
owing to tho uaturo of ■ 
tho operations which 
tho motors aro called 
upon to perform. As 
it is desirable to keep 
tho pumps in con¬ 
tinuous operation Fid. 02. 

Homo form of storage 

is noeossary, and tho accumulator was devised 
by Sir W. G. Armstrong to provido this and 
at tho samo timo to rogulato tho doltvory 
prossuro. It acts automatically. 

Its general form is illustrated in Fig. (12 
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and consists of a vertical cylinder C with 
inlet ami outlet- passages at its base. 
Through its cover a rain It passes and 
supports at its upper end an external plat¬ 
form P. From this is suspended a loud W 
of some heavy material such as pig-iron or 
iron scrap. 

If L is the displacement of the load 
W, and A is the area in square inches 
of tlio ram, then the potential energy 
stored in the cylinder whon the mm is at 
its upper limiting position is WL ft.-lbs., 
and tlio working pressure p equals W/A lbs. 
por sq. in. 

(ii.) TweddeWs Differential Accumulator.— 
This is a modification of the above arrange¬ 
ment whereby high pressures may bo main¬ 
tained by comparatively small loads, but the 
storage capacity is 
low and it is only 
Buitablo for supply¬ 
ing singlo tools. Tho 
oylindor is invorted 
and movable, as 
shown in Fig. (53, and 
carries tho load W 
on its external sur¬ 
face. Tho ram is 
fixed to tho huso and 
is of two diameters, 
D, and D 2 , wlioro 
it passes through 
glands at top and 
bottom respectively 
of tho oylindor. Tho 
inlot water enters 
Fig, eg. whore tho ram is 

stoppod, and if tho 
difforcnco of aroas is equal to A, then, as 
before, pA=W. If D 0 - D, is made small 
enough it is possiblo to obtain high values 
of p for a moderate weight W. 

(iii.) Pressure - loaded Accumulators .—Those 
aro used wlioro it is inconvenient to lmvo a 
heavy dead load. In this caso tho lippor ond 
of tho ram works in anothor closed cylinder 
and carries a piston subjected on its upper 
faco to steam pressure. Adjustment of tho 
relative areas of tho piston and plungor, 
together with tho introduction of a reducing 
valvo regulating tlio pressure of tho sloam, 
ensures tho maintenance of tho required 
hydraulic pressure. While tho accumulator, 
spoaking generally, has a steadying offcot 
on tho pressure, tho inertia of tho weighted 
typo is productive of considerable shook whon 
the outward flow of tho fluid is suddonly 
stopped. On occasions this may bo advan¬ 
tageous, ns for example in a hydraulic motor 
where tlio momentary increase of pressure 
may bo utilised to ofToetivoly olincli tho rivet. 
To guard against abnormal pressures from 
this cause a spring-loaded roliof valvo is often 


introduced, and operates when tho pressure 
exceeds tho normal value by an arranged 
amount. This precaution is not necessary 
whon the load is applied by tho notion of 
stoam pressure. 

(iv.) hilensificrs. — Wlioro tho pressure 
supply from tho accumulator is insuffieient 
for tlio working of a particular nmohino, ft 
device known ns the 
intensiflor is intro¬ 
duced. A common 
form, as applied to 
testing machines, is 
shown in Fig. 01, 
and is similar to an 
inverted steam ac¬ 
cumulator. Tho 
ratio of tho areas of 
tlio piston and ram 
equals A/a, and is 
equal to tlio ratio 
of tho intensiflor 
pressure 1 ? to tho 
pressure supply p. 

Thus P = p(Aja) 

Ilia, por sq. in. if tlio Fid. 04. 

friction F of tho 

glands and the weight W of tho piston and 
ram aro neglected. If those aro takon into 
account 

P=2>.~-lbs. per sq. mch. 

This typo only oporates in otio direction, 
and if a continuous supply of high-pressure 
water is required, duplicate intonsiflora working 
alternately must ho employed. 

§(57) IlYDHAUr.IOATil.y• 11HTVKN MACHINES. 
—Tho diroot applications of hydraulic powor 
to tho working of modern machinery bus boon 
ox tensive and variod. Perhaps tho most 
successful oxamplos aro tho modifications of 
tho Bramah press as developed in baling 
presses, pinto flanging and heavy forging 
machines, all of which require a slow but 
powerful compression, and may ho regarded 
simply as rovorood accumulators. Tho cyclo 
of operations in each enso may bo dividod into 
stages: 

(«) An idle stago during which tho head is 
brought up to its work. 

(5) An initial compression of tho material, 
but full powor not dovolopod. 

(c) Tho complotion of tho compression under 
full powor. 

(d) Tlio muldon stoppage of tho bond produc¬ 
ing inorlia offoots which may bo useful in 
cortnin types of machines. 

(e) Tho return of tlio ram to its initial 
position. 

It will lio scon that during tho first two 
stagos tho full value of tlio pressure, if there 
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ia only one supply, is nob being utilised though 
a volume of water equal to tlio displacement 
of the ram is used. A loss of eilicienoy results 
which is increased if there is only one common 
inlot and outlet passage to tho cylinder, sineo 
this passage requires to ho refilled with 
pressure water at the oommonoomont of each 
operation. Ah tho quantity of water used 
for a given dis¬ 
placement cannot 
ho varied, tho only 
alternative is to 
vary the operat¬ 


ing pressure from 
stage to stage. 

Two different, 
methods of effect¬ 
ing this in the 
ease of tho Forg¬ 
ing Press are 
shown. 

(i.) The. Fora my 
Press. — In the 
Allen press, Fly. 

(55, tho stages (a) 
and (l>) are carried 
out in ooimeetion 
with a low - prossitro supply, which is nut 
off when full pressure is r«quiiod during 
stage (c). Communication is then nuulu 
with a high - pressure pump (III 1 ) working 
without valves and imparting a to-and-fro 
motion to tho connecting column of liquid. 
The inertia of the latter increases the pressure 
at tho end of tho working stroke. Tho water 
is then exhausted from the oylimlor 0 and 



the ram and head lifted by steam pressure 
noting on a piston in tho auxiliary cylinder 
0 above. 

The othor method is illustrated in Fig. (1(5, 
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which shows how total pressures of throe 
different magnitudes can he obtained by 
the use of a differential ram. Thus when 
tho high - pressure water is admitted to 
chamber A, a forco is available at tho 
working head sufficient for stage (a). With 
tho pressure supply in com mu ideation with 
chamber 15, and A cut off, operation (h) 
is carried out, while full power is ob¬ 
tained when both A and I? are connected 
with the supply. The head is brought 
buck and the water exhausted by auxiliary 
pistons actuated by a low-pressure supply 
and working in two lifting cylinders 0. In 
machines of this typo it is possible to use 
supply pipes of comparatively small diameters 
and still maintain a fairly high efficiency. 
This is due to tho low speed of operation 
and tlm consequent small amount of energy 
transmitted. 

(ii.) Jliwters. —Tho hydraulic riveter is a 
typical oxamplo of water power adapted to 
lino in machine tools. Portable machines am 
constructed both for light and heavy duties, 
and are of tho “ hinged ” and “ hear " forms. 
Fit 7 . (57 shows tho ordinary “ fixed jaw ” 
or “ bear ” typo, 
with a pressure 
supply at ( <i ) to 
the main ram 
A which acts 
directly oil tho 
rivet, and at (5) 
to a central draw- 
hack ram .15. Tho 
body of tho 
miuihino is ar¬ 
ranged to turn 
by means of a 
worm and worm- 
wheel round a 
east-stool hunger 
C, and to permit 
this a wator-tighb 
swivel joint is 
fittod at 1). 

Tho hinged type for uso in a restricted space 
is illustrated in Fig. 08, and shows the ram 
lind riveting tool at opposite sides of tho 
bingo. Tho drawback ram 15 is hero arranged 
cccontrioally. 

There is also a class of fixed riveters 
whore tho work to bn riveted is slung and 
movable. A gop suifciiblo for the kind 
of work to be done is loft holwcen tho 
jaws, which may bo cither horizontal or 
vortical. Tho largest machines nro used for 
riveting tho seams of marine bailor shells, 
and the gaps may bo from f) to It ft. 
The total pressure exerted in such a tool 
may be arranged to vary from 25 to 100 
tons with an intermediate stage of 75 Ions, 
so that high-pressure water may ho saved in 
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tho first stages of the operation. A press tiro 
diagram from tho cylinder of a hydraulic 


rivotor is shown in Fig. (i!) and illustratos the 
1180 mndo of tho variable power. During tho 
period AB tho ram is brought up to its work 
E imdor low pressure, 

| mat - and during BC with an 

ji I intormodiatu prossuro 

tiooo 'of the rivet hoad is 

s / formod, Full power is 

H p/ oxortod from C to D 

^ s' J for tho olosing of tho 

g / y _J plato and tho olinoh- 

0 ing of tho rivet, tho 

]«’io. (jo. latter operation boing 

asaistod by Oho rise 
DE, which is an inertia olfcot consequent 
on tho sudden stoppage of tho accumulator 
ram, 

§ (r>8) Hoists and Lifts.— Tho ordinary 
direct-acting hydraulic hoist is vory similar in 
its arrangomont to tho common typo of press, 
but tho ram cylimlor is sunk in tho ground 
to a (lopth somewhat groator than tho travel 
of tho mm which carries tho platform and 
cago. If only tho static load producing direot 
compression is taken into account, tho aroa A 
of ram which would bo sufficient to support 
a gross load of W lbs,, including usoful load 
and woight of platform and ram, when working 
with a supply pressure of p lbs. por sq. in., 
would equal W jp sq. in. This requires to ho 
inoroasod because of tho stress induced when 
acceleration takos place, and also because 
of tho additional forco roquirod to ovorcomo 
friction. It follows thon that tho aroa should 
ho maclo equal to {W[l -i-(a/g)]lp} + F/p squaro 
inches, whore a is tho acceleration and F tlio 

cago is at 
lets as a 
nd tho 
jt this 


pressuro p is retained, and calls for a furthor 
modification in tho design. 

(i.) Balancing of Hoists. 

- - —Every operation of tho 

- ——diroct-aeting hoist in- 

eludes tho lifting of tho 
j \ dead loud, which is largo 
ns compared with tho uso- 
i fill load, and tho oilicioncy 
I II L ilioreforo low. This is 
obviated by so mo means 
| of continuously balancing 

l.llill. tho woiglit of tlio ram 

_ -Jy —s j and cago. Ono method is 

- J J tho use of ammtorhaianco 

___weights, attached to tho 

_ _top of tho cago by chains 

or wire cables passing over 
guido pulleys, which fall 
us tho cago rises. This 
increases tho forco necessary to produco 
acceleration, since tho mass is thereby in¬ 
creased, and has tho disadvantage that jt 
toiula to put tho rppor portion of tlio ram in 
tension, which would rosult in tho cage crash¬ 
ing to tho top of tlio lift shaft should a 
fruoturo occur. 

Anothor and hotter arrangomont is shown 
in Fig. 70, whoro tlio lift cylinder is supplied 
from a balancing cylinder 0 in which thoro 
works a hollow ram B. To the interior of 
tho lattor is admitted a high-prossiire water 
supitly throngli tlio central passage A, and tho 
hydmulio prossuro on the ram in the halanco 
cylinder duo to this would ho sufficient to 
lift tho ofleutivo load. To halanco tho dead 
load tlio ram may lie dosignod so that an ex¬ 
tension of it forms ,. „ „ , 

an external plat- "'Cfeg-n 


form carrying ring ipXA 

woights inducing a j j Su > , l ,ll J 

pressure sufiioiont i ! 

for tho (load load. 5 | 

Tho illustration, :•: | | 

howovor, shows | j 

tlio Imlnnciug forco m ■} In 
obtained by supor- n_ -‘J Jp 
posing an inverted p 

cylinder D over tho "- 

plungor-liko oxton- *■ * 

sion of tlio nun 
and supplying tlio G 

annulus between J r ._~ V 

with wator from a =*| 

low-prcssuro tank. B&«*aa&'‘"ro Lift 

During tho down j*j Qi 70 , 

journey of the lift 

this halanco water is returned to its tank 
while tho high-presauro wator is exhausted to 
waste and forms the only loss. Tho saving 
thus 0 Hooted may ho as high as 75 por cent. 

Whore tho displacement roquirod is groat, 
as in lifts installed in public buildings, tlio 
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Huspousioii type of lift (Fly. 71) is used, and a 
comparatively short Ht.roke of liydmulia ram is 
multiplied to the re¬ 
quisite travel of the 
cugo b}' inoaiiH of a 
jigffor. 

(ii.) Jigger .—This 
consists of a system 
of pulleys arranged 
in two blocks, tho 
uppor one (a) fixed 
in position, the lower 
one (6) having the 
motion of the ram. 
The wire ropo usua lly 
omployod is passed 
over tho sheaves of 
tho lower and upper 
Monks alternately, 
and ono end being 
fastened to the uppor 
block and tho otiior 
lod over guide pul 
leys, is attached to 
Ida. 71. the top of tho eago. 

Tho multiplying 
factor in or tho ratio of tho motion of tho cage 
to that of tho lam is equal to tho number 
of ropes supporting the bottom block. Tho 
load to ho carried may ho distributed over two 
or more ropes, but tho value of m is unaffected. 

(iii.) Balancing of Lifts. — 1<W any great 
dogreo of oflioionoy the (load weight of the 
cago must ho bftlancod, and this is dono by the 
uso of ludanco weights snspondoil by wire 
ropes carried over guido pulleys and atinuhed, 
like tho lift ropes, to tho top of tlio cago. A 
cnnsiderahlo variation in tho olfootivo woiglit 
apart from any ehango in live load ocours, 
duo to the transfer of rope woiglit from the 
ram to tho cage side of the suspending pulleys 
us tho cage rises and fulls. Two alternative 
mothuds of balancing this variation arc 
shown in Fig. 71. The simplest is whoro ono 
end of a balance chain of longtli equal to half 
tho travol of tho lift is fastened midway up 
tho shaft and tho other ond to tho bottom 
of tho cago. Wlion the ongo is at its lowest 
position tho woiglit of tho chain is ontiroly 
carriod by tho fixed fastening, nnd, when half- 
way up, equally by shaft wall and cage. Tho 
weight thus thrown on ongo in designed to 
equal tho weight of ropo transferred to tho 
ram side of tho guido puiloys. 

If tff| ho tho weight of tho balance chain, 
and w tho weight of tho suspending ropo in 
pounds por foot run, then in order that tho 
dead load shall remain constant 

Tlio othor altonmtivo is tho uso of a water 
column compensator d connected to tlio bottom 



of the rain cylinder D, as shown in dotted lines. 
When the rain is at its highest position the 
eago is at its lowest and tlio wator-Iovol in 
d is least. As tho cage rises and tho weight 
of suspended ropo is diminished water is 
displaced from I) to <i, nnd its head decreases 
tho effective pressure of tho mm in a corre¬ 
sponding degree. 

If L bo tho lift of tho cago, \,fm tho stroke 
of tho ram, J) nnd d tho diamotors of tho ram 
and compensator cylinders respectively, then 
the height h of tlio compensator will equal 
L/m{l.) 2 /d-), and iis balancing bond will have a 
total difference of It -|- L/»«. foot. Tho maxi mu m 
variation of woiglit to ho halaticed will equal 
ml,{ 1 -i- l/»i), uiul from this data tho diamotor 
d may he dolennined. 

Tlio susponsion system necessitates adequate 
safeguards against tho fracture of a ropo, and 
Htiffors in comparison with tlio direct lift 
owing to tlio inofllcioncy of tho jiggor, tlio loss 
varying directly as tho valuo of m, but it is a 
muoh more compact and convenient ariango- 
iiioiit in use. 

Tlio usual speed for lifts, having regard to tho 
comfort of passengers, is about 2 ft. por second, 
but for express service in Amorioa a speed us 
high us 8 ft. por second is not uncommon. 

§ (fill) CllANKS. —Tho principle of tho hoist 
and jigger is extended to the handling and 
raising of goods by orancs, tho cago being 
replaced by a hook from which (bo load is 
suspended. Separate mms and cylinders arc 
omployod to effect through jiggers tlio opera¬ 
tions of lifting, slowing, and revoking, each 
under independent con¬ 
trol. In special ap¬ 
pliances, mtoh as tlio 
hydraulic coni tip, tho 
combination inoludos a 
direct - noting hoist, 
capable of lifling at tlio 
dooksido a railway wag¬ 
gon weighing 10 to 20 
tons to a height sufll- 
eiont. to enable its oon- 
tonts to bo discharged 
through a shoot into 
tho hold of n vessel 
suitably moored. Tho 
main operation of lifting 
tlio platform carrying 
tho load is by means 
of direct-noting rams, 
while tho operations of 
tipping and working Fio, 72, 

tlio ornnes oonneotod 
are ull performed by hydraulic jiggers. 

An important feature in cranes is tlio 
method adopted whoro tho load varies within 
wido limits in order to economist) water at 
light loads. A differential rain of the typo 
shown in Fig. 72 is used, high-pressure witter 
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being admitted at. A. A solid ram r Zita inside 
a hollow ram It working in a cylinder 0. It is 
arranged that if the load is a light one It may 
bn locked to 0 by a catch « ami tho lifting done 
by r. For heavy loads it is released by nn 
upward movement of the lovor L, r and R 
move together, and the lifting area is then 
that of R. 

!j (00) 11 Y'OUAUIiICAU.Y-HRA KK1» MaCIUNKS. 
—This class of hydraiilio machine is tho 
con verso of llioso just described, and has for 
its primary object tho rapid but gradual 
absorption of energy from a moving body 
ami its dissipation with the least possible 
Rhode. Its essentials are contained in tho 
ordinary dash pot. used for damping tho 
oscillations of various mechanisms. This 
device consists of a cylinder fitted with a 
piston untl rod and filled on either side of tho 
pinion with water or some more viscous 
(luid and the ends connected together by 
constricted passages, Any displacement of 
the piston is accompanied by a transference 
of the fluid from one end to the other, and 
tho rato at which this is effected governs the 
speed of tlio piston and tho vibrations of the 
meohiitiisin to which it is attached. 

A high velocity is imparted to tho displaced 
fluid during its flow through tho constricted 
passage, and energy is dissipated partly in 
eddy formation, partly in overcoming fluid 


B _A 

-•iss^^ss 

'A At 


{notion, and partly in overcoming the 
moohauioal friction of tho device. It is 
usually desirable that the resistance should 
ho uniform throughout the piston displace- 
mont, and to ensure this the velocity of flow 
upon which the resistance mainly depends 
must bn kept constant. Since the rate of 
displacement diminishes as the moving body 
is gradually brought to rest it is necessary to 
reduce tho aroa of the connecting passago 

“f, 

—A typical example of tho 
rgo scale is the buffer stop 
"■ shown in Fig. 73. Tho 
are two rectangular slots 
uul working ovor tapered 
f uniform width fitted to 
... M.iO piston is displaood from 
A to 13 tho area of the passages is proportion¬ 
ately reduced. In this arrangement tho piston 
rod is designed to 1m in compression, and is 
continued through tho rear end of tho cylinder. 
Without tho addition of this tail rod tiro 
volume of fluid displaced by tho piston would 


be greater than the volume available on tho 
other side by nn amount equal to tho volume 
of the piston rod when closing, and motion 
would bo impossible unless a portion of the 
fluid was allowed to escape from tho cylinder. 

(ii.) Gun-recoil 'Cylinder .—Another applica¬ 
tion is the tension-recoil cylinder for a gun 
illustrated in Fig. 7-1. Hero tho annular 
connecting passage p works over a tapered 
circular spindle S fixed longitudinally in tho 







oylindor, tho nroa of opening varying with 
the diameter of the spindle, which also acts 
ns a tail rod to tho piston. iSiuco in this caso 
Iho piston rod is intended to ho in tension, the 
ahsoncu of a tail rod would tend to produco a 
partial vacuum behind the piston and thereby 
increase the resistance to closing. The piston 
is returned in readiness for anothor operation 
by springs compressed during tho forward 
stroke or by counterbalance weights, though 
witli fixed structures a supplynf pressure water, 
if available, may 
bo usod, A 
j pjjjpSJ y\ secondary dash- 

iUiirtl V duood to damp 

‘¥ tho return osoil- 

lation, the central 
spindle then act¬ 
ing as tho piston and tho escape of the fluid 
taking place along grooves in its surfaco 
marked g. Tho general equation of enorgy 
for this class of innohino is as follows : 

A=net effective urea of piston in square 
feet-, 

a—effective. area of passages, 

L--= length of piston displacement in fact, 
f=lengtli of connecting passages, 
v and V—velocities of fluid through passages anil 
of moving lx sly respectively, 
ioAL=weight of fluid displaced, 

W =■ weight of moving body, 

WV 3 

Work done in bringing body to rest => ---- 

=Kinetic energy imparted to (luid 

+energy s|icnt in overcoming fluid friction 
H-ouergy spent in overcoming nicolmnieal 
rcsiHtanoe F; 


-9 -9 \ mj 


-,-V- 

2/j a~ \ mj 
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§ ((51) Dyjtamombtkii . 1 —Thin braking mech¬ 
anism sorves not only the: purpose of absorbing, 
but also of measuring lhc> energy available 
at a rotating slmft. The standard Fronde 
arrangement illustrated in Fig. 7. r > consists 
of a disc wheel A rigidly connected to the 
revolving shaft, and has a series of curved m- 
eesses or poekots 15 on both faces. The recesses 
uro semi-cylindrical, with the dividing walls F 
contained by planes making an angle of 'ld° 
with tho axis of the shaft and inclined forwards 
in the direction of motion. The easing B is 
mounted on, but free to rotate about, the 
shaft D and lias, on its inner faces, puokels 
which are the complement of those in the 
disc. Water under pressure iH led through 
the inlet <■ passing by duets II in the dividing 
walls to tho clearance space between the two 
sots of pockets, and thence into the pockets, 
whore a vertex motion of the water particles 
is sot up. The water is thus projected from 
tho outor periphery of tho impeller to that of 



tho easing pookot and guided by its semi¬ 
circular boundary back to tho impeller. J ho 
clearance botweon tho disc and the easing 
allows of a small escape of water from the 
poekots to the chamber (1, tho amount lining 
controlled by the outlet valve. The ehango 
in tho moment, of momentum of the water 
about tho shaft, which occurs us it pusses 
from the impeller to the casing pock'd*, 
produces a moment acting on the casing equal 
to tho moment in the shaft. Tills moment is 
balanced and tho casing kept stationary by 
the moment of an external force acting on an 
arm projecting from tho casing, and at right 
angles to tho shaft. Tho magnitude of this 
momont is easily measured, and tho energy 
absorbed per minute by tho brake is equal to 
2 ?r x measured moment (ft.-lbs.) x revolutions 
por minute of tho shaft. 

Tho external force consists of balance 
weights applied at tho extremity of tho arm, 
togothor with a rider weight sliding along tho 
scale marked on tho arm. 

Tho brako is regulated automatically by 
having tho casing connooted to tho outlet and 
1 See also article on " Dynamometers.” 


inlet valves, so that a constant moment is 
preserved. If tho sjieed of the shaft increases, 
causing an increased moment on the impeller, 
the casing receives a slight displacement, and 
this is made to close tho in lot and opon Uio 
outlet valves. This reduces tho mass of water 
in the brake and, consequently, tho moment 
of the easing. Oscillations due to variations 
uf speed are (lumped out by a daslipot .1) 
connected to the brake arm. 

§ ((12) II viiiiAin.n: TuankI'okmkmm. —-Tho 
possibility of using hydraulic elements olli- 
eicntly in a train of mechanism 1ms lately 
claimed considerable attention. The fluid is 
not regarded ns possessing energy, lint is 
viewed, like belting or gearing, simply ns a 
means of transmitting it. Development has 
taken place in two distinct directions : 

(«) Tho carlior and tho commoner is based 
on the eon tin nous flow or motion of a fluid 
column as a wholo, and assumes the inure nr 
less complete incompressibility of the fluid, mid 



(ft) tho other depends upon tho elasticity 
of tlm fluid, mid utilises ils roxilionco to propa¬ 
gate proxsuro waves and thus transmit energy 
from tho generator to the point where force is 
to bo applied. 

Hither system requires as essential elements 
a pump to imparl energy to the fluid mid a 
motor to transform it into work. 

§ (03) TtiANHMisstoN HV Fmjii) Motion. 
Hydraulic Jack. — This well-known inneliino 
may ho taken as tho simplest and oldest 
example of the hydraulic) transformer, and is 
shown in Fig. 70. A plunger working in n 
[lump chamber 0, and operated by the re¬ 
ciprocation of a hand lover A, pomps water 
from ii reservoir B,through suction and delivery 
valves v s and o ( „ into the rain cylinder I). 
Tho rum forms at its lower end tho bnxo upon 
which the jack stands. Leakage between 
the mm mid its cylinder is prevented by a 
on]) leather which makes a water-tight joint 
botweon them. Tho weight is carried either 
centrally on the top cover or eccentrically by 
a projecting claw near tho base, and is lifted 
by the displacement effected by the water 
pumped into the ram cylinder. Any aeon mu- 
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Ifttion of air is removed through :i small lu»lo 
in tlie cover normally idled by a screw (dug. 
Should file proper lift ho exceeded water 
escapes through the opening 0, and lowering 
is effected by means of 
a screw - in valve L 
which allows com- 


A 


miniicatlon hot ween 
the reservoir and the 
ram cylinder. The ele¬ 
ments accordingly nro 
a simple forco pump 
and an accumulator. 

If l and L he the 
distances of plunger 
and lever handle from 
tlio centre of oscillation, 
a and A ho the aroas 
in square inches of the 
plunger and ram, and 
1*/W be tlio ratio of tlio 
forco oxerted to the 
woiglit lifted, then 
P/VV=f«/LA. 

The oflicionoy de¬ 
pends largely on the 
method of loading, the 
frictional losses • being 
much greater when the 
ninchino is eccentrically 
loaded. Tlicso losses 
boing largely mechani¬ 
cal, and not hydraulic, do not increase pro¬ 
portionately to the load, and honoo largo 
machines aro moro efficient than small ones. 

§ ((II) C'OMl’AGNIi HVDHAlILIO QkAR ANI) 
Hble-Suaw Ptwr.—An interesting applica¬ 
tion of energy transmission is tlio reducing 
gear of motor - car and other engines. A 
successful oxainplo is tlio Compngno Hydmulio 
Gear, which has us its important foaturo the 
well-known Helo-Sbaw pump with vuriublo 
stroke, The pump, whioh is driven by tlio 
prime mover, takes water or oil from a supply 
tank and delivers it with added pressuro and 
,! ” " energy to a hydraulic motor of tho 
’ ' ‘po, keyed to a secondary 

tho stroko of the pump 
lie speed, tlio discharge 
■y, and as a consequence 
:>r and its shaft. 

10 pump, whioh is of the 
.... , is similar to but tho 

rovorao of tho Itigg engine, and is illustmtod 
in Fig. 77. Multiplo cylinders A with their 
axes sot radially form a monobloo which is 
coupled directly to tho engine shaft, Tlio 
plungers C working in tho cylinders carry 
gudgeon pins D whioh engage in and aro guided 



by grooves in a floating ring E which is mounted 
on ball-bearings and rotates in a housing G. 
Tho housing is capable of a transverso motion 
across the casing, so that the axis about which 
tlio ring rotates may either coincide with 
that of the engine shaft or be eccentric to 
right or left of it. The stroke of each plunger 
with respect to its cylinder is equal to twice 
this eccentricity, and changes its relative 



direction when the axis of the ring passes 
through the eonecntiio position. This results 
in a reversal in tlio direction of tho flow 
without an alteration in tho direction of 
rotation of tho prime mover, and the. change 
from full forward to full reverse discharge 
is made gradually and without shook. Tlio 
working fluid is led to the cylinders by ports 
in a fixed stub-axle H which fits into tlio 
hollow end of the engino shaft, and is con¬ 
trolled by a circular rotary valve. It is drawn 
from the supply tank during tlio outward 
or suction stroke of the plunger through tlio 
passage II, and by this arrangement tlio effect 
of centrifugal forco is to reinforce tlio supply 
pressure, and thus provont separation of fluid 
anti plunger at high speeds. Tho interior of 
the floating ring is always flooded with tho 
fluid, but the spaco between it and tlio casing 
is kept carefully drained to minimise disc 
friction. Tho friction of the gudgeon pins 



in their guides being greater than tlio resistance 
between the housing and tho ring ball-bearings, 
causes the ring to revolve with the cylinders. 
This is an essential feature in tlio high efficiency 
of tho pump, tho Motional resistance boing 
thus reduced to a minimum. 

Discharge takes place through the passages 
K to tho hydraulic motor, which is of similar 
construction to tho pump, but of tlio constant- 
stroko typo, and works inversely. It is coupled 
directly to tlio driving - wheel axle, and is 
illustrated in Fig. 78. Instead of tho floating 
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cage a cam N in uned us a track or guide- for 
the ball-bearing rollers M carried by the 
gudgeon pins 1), and it is designed so that each 
plunger makes two strokes per revolution. 

The over-all eflicieney of a pump and motor 
transmitting 117 horse-power is stated to 
range from 75 to 85 per cent. Tho pump lmd 
a constant speed of 770 revolutions, and the 
variation in the speed of tho motor is given 
as.from 50 to 170 revolutions per minute. It 
scorns likely that the advantages of a contimi- 
ous-variabio gear of this class will bo better 
realised in commotion with tho transport of 
heavy loads in tho future. 

§ (05) RoTTiNUBit 0 KA it.—Whore tho energy 
to bo transmitted and the speed of working uro 
of much greater magnitudes, a suitable form 
of hydraulic transformer is the Kottingor gear. 
Such conditions obtain in the oaso of the power 
plant for ship propulsion, where thoro exists 
the necessity for a high speed of turbine shaft 

together with 
a low speed of 
propoller shaft 
in order to 
sooiiro tho 
m a x i in u m 
efliolcney of 
both. This in¬ 
volves some 
system of 
speed reduc¬ 
tion, which in 
the ease of 
slow - moving 
ilj’io, 70. steamers may 

bo as groat 

ns 20 to 1, and for fust boats (1 to 1. It 
is in connection with tho latter ratios that 
hydraulic transformers have boon found suit¬ 
able. Tho arrangement ( b'iy. 70) consists of 
an impoller wheel A keyed to tho after end 
of tho primary power shaft, and a two-stugo 
rotor wheel R mounted on tho propeller 
shaft. Tho water passages of the impoller 
and rotor wheels, with the addition of a 
short length 0 of guide passage which is 
attached to tho easing, form a closed circuit 
and are filled throughout with water. Tho 
rotation of tho primary shaft sots up a pressure 
dilYoronco between the inlet ami outlet of tho 
impoller A as in a centrifugal pump, and flow 
is induced in the circuit. Part of tho energy 
thus given to the water is absorbed by tho 
motor in its lirst stage It. Tho water is then 
guided by tho fixed passages C towards tho 
second stage I), from whence it discharges into 
tho inlot of tho impoller A and the cycle is 
ropeatod. By a suitable design of tho vanes 
tho rate of flow through the rotor is very much 
less than in the impoller, and tho speed of 
tho secondary shaft thereby adapted to tho 
ofliciont working of tho propeller. Tho trans¬ 



former is supplied with water at N from a low- 
pressure supply tank for tho purpose of making 
good any leakage from tho wheels. 

Where revoking requires to bo provided 
for, a go-astern transformer similar to that 
described is incorporated, and the water of 
the transformer not in use is emptied into u 
drain tank, from which it is delivered by means 
of a small centrifugal pump into the supply 
tank. A maiueuvring valve of tho hula need 
piston typo controls the opening to this tank 
of the transformer in action mid to the drain 
tank of the other, si mull a non only. Tho 
transmission ratio remains constant at nil 
speeds, and a reduction of (i to 1 has I icon 
successfully applied, the energy Inuisinitlcd 
being 25,000 -horse-power, mid the ofliciimey 
staled l<> Ini 90 per cent. 

§ (till) Thans.missio.v nr Wavb Motion.— 
With this system energy is transmitted from 
ono point to another, which may bn (it a con- 
sidemhlo iliBtnnoo, by means of impressed 
poriodio variations of pressure producing 
longitudinal vibrations in a fluid column. Tho 
ohuraoleristlca uro analogous to those existing 
when a valve is suddenly closed in ft long pipo 
lino containing water in motion, and waves of 
ultonuilo pressure and rarefaction are propa¬ 
gated throughout tho length of tho pipe. 
Whore tho principle is utilised for the trans¬ 
mission of energy, the pressure wave) is initi¬ 
aled in the lluiil by tho outward stroke of a 
pump plunger operated by a prime mover nr 
generator. The displacement of tho plunger 
is resisted by the inertia of the fluid, u change 
of pressure occurs, and a pressure wave travels 
along tho column; olastio doformntion lakes 
pliieo anc! resilient enorgy is stored. At the 
distant or outlet end a motor of equal capacity 
and similar dimensions to those of the pump 
absorbs the energy contained in tho fluid, and 
if all frictional losses are assumed to lie 
negligiblo tho motor plunger has a il[spince¬ 
ment equal to that of tho pump. Tho return 
stroke of the pump is similarly followed by a 
wavo of ncgnLivo pressure or rarefaction, 
wliioh on reaching tho motor induces tho rovorso 
motion of tho plunger. If properly synchron¬ 
ised, tho further motions of the pump uro 
followed by corresponding movements in tho 
motor, and tho energy available nt the latter 
will bo equal to tho power of tho pump 
diminished by tho fluid friction in tho pipo 
lino and tho resistance) of (lie mechanical 
oloinonts. Tho displacement volume of tho 
plungors dues not exceed tho elastics volumetric 
doformntion of tho fluid, and tiro stroke is 
accordingly small. To enable, therefore, any 
oonsidornblo enorgy to be transmitted, the 
number of strokes per seamul is made large, 
and a typical 10-liurse-pnwor generator rotates 
at a speed of 2-100 revolutions per minute, 
giving 40 wavo impulses per second to n 
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plunger of I ,'ij in. diameter and in. stroke, 
the length of the pipe line being 240 ft. The 
maximum pressure reached under these 
conditions is 1500 lbs. and the mean about 
750 11)3, per sq. in. The presence of air in 
the pipe line creates surges and fluctuating 
pressures, and valves for the release of air are 
provided both at the pump and the motor. 

A capacity chamber communicating with 
the main pipe, filled with water and fitted 
near the pump, acts in a similar manner to the 
air-vessel in an ordinary reciprocating pump 
and equalises tho pressure. Before starting, 
tlio pipe line is charged by an auxiliary water- 
pump, if a gravity feed is not available, to an 
initial pressure of about 100 lbs. per sq. in. 
Any free air in tho system is allowed to escape, 
and the pump, driven by an electric or other 
convenient generator, is then started up. 

Fig. HO shows tho arrangement of a portable) 
duplox pump driven from a generator shaft 
developing 10 horse- power at 40 cycles per 
second. Two capacity chambers B, with a 
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HYDROGEN, (hlAIlAOTHRlSTIO CON¬ 
STANTS tabulated. Seo 

“ Thermal Expansion,” § (14) 

(iii*)* 

IL vi> lioo kn, Separation from 

Water-gas. See “ Oases, Lique¬ 
faction of,” § (2), 

Hydrogen, Specific Heats of, 
tabulated values obtained by 
School and House. See “ Oalori- 
motry, Electrical Methods of," 
§ (15), Table IX. 


specially designed for tho relatively high 
alternating pressures. 

Tho system described is that devised 
by Mr. Cl. Constant-ineseo, wlio first utilised 
tho principle to procure synchronisation of 
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machine-gun firo with tho revolutions of 
aeroplano propollors by means of his 0.0. 
Interrupter Guar, which onabled 2000 shots 
per minute to ho fired between the blades of 
a propollor revolving at a high speed without 
tho clangor of the blades being struck. .For 
tho system as a means of powor 
transmission am claimed tho morits 
of great flexibility and perfect safety, 
while its olllcioncy is stated to 
greatly oxoccd that of compressed 
air or electricity. Its application on 
a practical sonic is at present being 
demonstrated, and may be readily 
expected to yield important results. 


communicating passage 1’ to equalise pressures, 
are lilted. 

Tho motor may bo similar to tho pump 
hut working inversely,' or tho energy may ho 
taken off at various points along the pipo 
lino by motors specially adapted to tho tools 
to bo operated. 

It is obvious that in long pipo lines flexibility 
and tho prevention of loakago of tho fluid aro 
factors of vital importance, and Fig. 81 allows 
a sectional view of tho piping which has* boon 


Hydrogen, used as Thkrmomktiuo 
Substance. See 11 Thermodynamics," 

§ (- 1 ). 

Hydrogen Scale of Temperature, Normal, 
represented by a sot of verre. dvr thermo¬ 
meters at tho International Bureau, tho 
international standard of temperature. 
See “ Temperature, Realisation of Absolute 
Scale of,” § (30). 

Hydro plane. See “ Ship Resistance and 

Propulsion,” § (35). 



! '/> chart-lsent.ropic change 
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Ii/) Chart, representation of action of ideal 
vapour compression refrigerating machine 
on. .See “ Refrigeration,” § (II). 

Ion, Density op, at 0° (!., tabulated values 
assembled by Roth for tlic detenniinition of 
a value for u.sn in calculating tlio latent heat 
of fusion. >Seo “Latent Heat,,” § (Iff), 
Tnblo IX. 

Ioe, Latent H eat or Fusion ok : 

Determined by A. W. Smith by the Electrical 
Method. See “ Latent Heat,” § (1 (>). 
Determined by means of the lee-calorimeter. 
Ren ibid. {) (Id). 

Determined by Rcgnaulb by the “ Method 
of Mixtures.” See ibid. § (14) (i.). 
Determined by various observers and 

tabulated. .See ibid. § (17), Table X. 
Investigated by Black in 17(12 and by 

Lavoisier and Laplaeo in 17HO. .See 

ibid. § (13). 

Variation with Temperature of. See 

ibid. § (18). 

lOE-l’OJNT ON THE KELVIN THERMODYNAMIC! 
Scale, Determination ok. .See “ Tompora- 
tmo, Realisation of Absolute Seale of," § (21). 

Ideal Gas : Entropy, Enkiuiy, Total Heat, 
and other Properties ok. See “ Thermo- 
dynainicH," § (57). 

Ionition Point, Determination of. See 
“ Flash-point Determination,” 8 ((I). 

Imaoh, Effect of Size of, on Indications ok 
Radiation Pyrometer. See “ Pyromotry, 
Total Radiation,” § (14) (ii,). 

Till pact and Notched Par Testino. Soo 
“ Elastic Constants, Determination of.” 
The Oharpy Method. 8 (OH). 

Dimensions of Standard Test-pieeos, § (102). 
Effect of Variation of the Anglo of the Notch 
of the Tost-piooo. § (103). 

Effect of Variation of Root Radius and 
Dopth of Notch of the Test-piece. § (104). 
Effcot of .Sizo of iSpeolinen on tlio Results 
ohtainod, $ (100). 

Effcot of Variation of Striking Velocity on 
the Energy to Pmoturo. § (107). 
Experiments by Ivied, Stanton and Pairs tow, 
Harhord, and Progress of Impact Test¬ 
ing in Britain. § (99). 

General Considerations and Methods of 
Tost. §§ (98)-(101). 

Results of Izod Tests on Materials Correctly 
and Incorrectly Heat Treated. § (101), 
Table 22. 

.Slow Bonding Tests on Notched Bars, 
§ (108). 

Touts at Varying Temperatures. § (119). 
Tests under Itopoatcd Bonding Impact. 

. §(H1). 

Use of Round Teat-pieces. § (105). 


Impact Tests : 

On Screw Threads—-Results with Different 
Forms of Thread. Sec “ Elastic Con¬ 
stants, .Determination «>f,” § (41). 

On Ummtclicd Bam. See ibid. § (110). 
Impulse Tijhimnes : 

Hydraulic. See “ Hydraulics," HI. § (45). 
Steam. See “ Turbine, Development of the 
Steam,” § (2); “Steam Turbine, Physics 
of the,” S5 (10), (15). 

Inclined Plane. Sen “ Mechanical Powers,” 
§(!)• 

Index Law in Fluid Resistance. See 
“ Friction,” $5 <13), (17). 

Indicated Thermal ISffioiknov. See 

“ Petrol ISngino, Th© Water-cooled,” § (2). 
Indicator, Hopkinson’h Optical. See 

“ Pressure, Moasuromcnt of,” 8 (19). 
Indicator Diaoham, Watt’s. A curvo show¬ 
ing the relation between the volumo and 
the pressure of a Rubatnnco undergoing 
thermodynamic olmngo. Seo “ 'Thermo- 
dynnmicB," § (11). 

Inihoatoiis, Stkam-eniune. See “Pressure, 
Measurement of,” § (1H). 

Injectors and E.imotors : 

Gaseous Stream. Seo “ Air-pumps,” § (27). 
Liquid Stream. See “ Air-pumps,” § (IIP). 
Tnstaiiility, Failure (if .Stiumitureh mm 
TO. See “Dynamical Similarity, The Prin¬ 
ciples of,” § (45). 

Instantaneous Centres of Points in a 
Mechanism. Seo “ Kinematics of Mnohiii- 
my." § (5). 

Intenhhtehh, Hydhaiji.io. Seo “ .1 Tycl ran lies,” 
§ (50) (iv.). 

Internal Oomhvhtjon End intis : 

Hisses in. Seo “ Engines, Tliermodynainies 
of Internal Combustion,” § (55). 

Loss of Kent to Walls during Explosion 
and Expaunion. See ibid. § (50). 

“ Mixtures ” for. See ibid. § (20). 

Internal Enioho y of a Body. Soo “ Thermo- 
dynamics,” §§ (10), (12), and (30). 

Internal Pressure Correction to a 
Thermometeh. See “ Thermometry,” § (!i) 

(ii-). 

Invoi.ute Tkktii, Soo “ KinomnticH of 
Maoliinory,” § (9). 

Inward-flow Tukrinks (Hvi>nAui.i(!). Seo 
“ IlydraulicH,” III. § (49) (iii.). 

Iron Oxide, Emissivity of, determined 
by optica! pyrometer. Sen “ Pyromotry, 
Optical,” § (18). 

Isentropio Ohancie. A change in the press¬ 
ure volumo mid temperature of a body 
carried out reversibly in such a way that the 
entropy of tlio body reinaiiiH constant, Seo 
“Thermodynamics,” § (24). 
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ISOPENTANE, CRITICAL TsOTIIKHM OP I VflhlO 
of pressure (]) calculated by Dioterici’s 
second equation and (2) observed, tabulated 
against the volume. See “ Thermal Expan¬ 
sion,” § (21). 

Isotii KiiMAii Change. A change in tlic 
volume and pressure of a body carried out 
revorsibly in such a way that no change 


in the temperature of the body is allowed 
to occur. See “ Thermodynamics,” § (10) • 
“ Engines, Thermodynamics of Intomnl 
Combustion,” {j (3). 

Isotropic Materials: a nnmo given to 
substances which exhibit similar properties 
in all directions. See “ Elasticity, Theory 
of,” § (4). 


J 


Jack, Hydraulic. Sco “ Hydraulics,” § (03) 
(i.). 

J'aqukhod and Perrot, 1905, comparison of 
gas-thermometer with secondary standards 
of temperature in range 500° to 1000°. fteo 
“ Tomporature, Realisation of Absoluto 
Scale of,” § (39) (xii.). 

Jet Pnom,Mill for Ships. Seo “ Ship 
Resistance and Propulsion,” § (52). 

Jets, Theory of. Sco “ Steam Engine, 

Theory of," § (12), 

Jigger for Hydraulic Lifts. Seo 
“ Hydraulics,” § (58) (ii.). 

Joule : 

Equivalent. Seo “ Mechanical Equivalent 
of Heat,” § (2). 


Experiments on Mechanical Equivalent of 
Heat. Seo ibid. § (2). 

Jout.k-Tiiomson Effect. Seo “ Oases, Liquo- 
faotion of," § (1); “ Thermodynamics,” 

§§ (12), (43), (50), (57). 

Joule-Tiiomson Effect, Inversion of. Sco 
“ Thormodynamies," § (50). 

Joule - Thomson Equation : a thermo- 
dynamic equation, providing an additional 
mothod of testing a gas equation. Sco 
“ Thermal Expansion,” § (23), 

Joule - unit of Work. See “ Mechanical 
Equivalent of Heat,” § (3). 

Joule’s Law. See “ Engines, Thermo- 
dynamics of Internal Combustion,” § (1(1), 

Joy’s Valve Guar, Velocity Diagrams 
for. Sco “ Kinematics of Machinery," 
§ (4) (Hi.). 


K 


Kelvin Double Bridge Method of measur¬ 
ing Resistance applied to the Platinum 
Resistance Thermometer. Sco “ Resist¬ 
ance Thermometers,” § (19). 

Kelvin’s Absolute Scale of Temperature. 
See “ Engines, Thermodynamics of Internal 
Combustion,” ij (7). 

Kinematics. That part of the science of 
mechanics wliioh treats of tlio motions 
of bodies without reference to the bodies 
or to tlio causes which givo riso to the 
motions. 

KINEMATICS OP MACHINERY 

Tins euhjoot, as its namo implies, deals with tho 
motions of tho various parts of machines with¬ 
out reference to either tlio forces involvod or 
the actual proportions of tho parts, othor than 
those dimensions wliioh dolormino tlio motion. 

A maohino consists of one or moro kine¬ 
matic chains, oaoli of which consists of a 
series of members moving in a definite manner. 
'Tho various members are treated as rigid 
bodies, any offeot duo to their elasticity boing 
introduced ns a correction. Parts wliioh are 
deliberately made (loxiblo, snob ns bolts, 
chains, etc., arc not usually considered as 
members in this sonso, but moroly as imposing 


certain constraints on the members on which 
they act. 

§ (1) Degrees of Freedom, Co-ordinates. 
(i.) Definitions ,—To determine the position 
of a rigid body in spuoo, six quantities are 
needed. For instaneo, wo may specify tlio 
Cartesian co-ordinates of a point on it, and 
also tlio throe angular oo-ordinntos, usually 
oallcd Rodrigue’s Co-ordinates, which specify 
its position with respect to three rectangular 
axes through that point. Any one of these 
co-ordinates may vary without affecting‘ tlio 
others, giving six different motions, and hence 
a rigid body is said to have six deffre.es of 
freedom. Any motion may bo specified in 
towns of tlio rates of ohango of these co-, 
ordinates, and any limitation imposed on thorn 
is called a constraint, tho degree of tlio con¬ 
straint boing the number of equations botwcon 
tho oo-ordinntes to which it gives rise, and 
tho body being said to liavo lost that mini her 
of degrees of freedom. For instaneo, if ono 
point is constrained to lio on a piano, ono 
constraint is imposed and five degrees of 
freedom remain, whilst if two points are con¬ 
strained. to lio on a straight lino, four condi¬ 
tions are imposed and two dogrecs of froedom 
uro left, which aro easily recognised ns trans¬ 
lation along the lino mid rotation round it. 
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If Uic motion of a body lie such that all 
points in it which initially lio in a fixed piano 
continue to do so, tlirco conditions arc imposed 
and the motion is referred to us plane Motion, 
only three degrees of freedom remaining to ho 
considered. 

The rigid structure to which the various 
parts of a mechanism are attached, and relative 
to which they move, is called a frame. 

Two members of a machine which react on 
one another, either directly or through the 
medium of a flexible belt or chain, are said to 
form a pair, Pairs may be classified according 
to the number of degrees of freedom which 
they allow to one member when the other is 
fixed. 

Lower pairs only permit one degree of free¬ 
dom. A pin on one member revolving without 
end motion in a hole in tlio other which it 
exactly fits, n block on one working in a slot 
in the other, and a nut on its screw, are 
instances of lower pairs. The first two are 
instances of piano motion, the third is 
not. 

Higher pairs allow two degrees of freedom. 
A typical instance is a round pin in a slot, 
where the pin can move along the slot, and 
can, also revolve on its own axis. In plane 
motion, two surfaces which touch along a lino 
form a higher pair, for both rolling and sliding 
can occur. This is sometimes taken as a 
definition of a higher pair, a lower pair 
being then defined as having contact over 
a surface. Tito contact of toothed wheels 
is thus an instance of higher pairing, and 
so is the connection of two pulleys by a 
holt. 

In many eases a higher pair can lie replaced 
by an additional member and two lower pairs. 
It is easy to hoc that this docs not alter the 
iiiim her of degrees of freedom, For instance, 
a pin in its slot may lie replaced by a pin in 
a block which works in the slot. Thin has 
the important practical advantage of reducing 
wear. A licit can at any instant he con¬ 
sidered as a rigid member pin-jointed to the 
points of contact. 

(ii.) Types of Motion .—Pairs of higlior order 
ftt'o seldom used and nro not classified. It is 
usually a simple matter to determine by in¬ 
spection whether one or more types of motion 
are possible to an assemblage of parts, hut 
rules are given in books on mechanism for 
finding if this he so by counting the numhor of 
momliors and pairs of each typo. The simplest 
method is to count the numhor of members 
excluding the frame and to multiply by throo 
(for plane motion), and then to deduct twice 
tho numhor of lower pairs, which impose two 
constraints each, and once the numhor of 
higlior pairs, which iinposo one ouch. If 
several members are connootcd by the same 
pin, consider tho pin as attaohod to one of 
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them and imposing two ermstrainfs on each of 
tho others. There are thus four constraints 
where a pin unites throo members, six when 
it unites four, and so on. 

For example, consider two rods attached by 
pin joints to one another and to the frame. 
Here we have two members each with three 
degrees of freedom, making six in all, also 
three joints imposing two constraints each, so 
there is no degree of freedom loft and wo 


r\ 
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nave not a mccluimsm hut 
a frame. If the number of 
degrees of freedom is negative 
the frame is said to have 
redundant members. 

Consider next throo rods 
pin-jointed to one another 
and to the frame. Here wo 
have 3 x 3 — 1) degrees of free¬ 
dom, and -I x 2 - S constraints, 
hence one degree of freedom 
remains, and wo have a 
mechanism or kinematic chain, usually called 
the Four liar Crank Chain, tho fourth bar 
being tho frame. 

Tho introduction of a fourth rod would give 
4x3 — 12 degrees of freedom, o x2-10 con¬ 
straints, lionco two degrees remain, more than 
one type of motion is possible, and the arrange¬ 
ment is not a kinematic chain. 

Consider a crank driving a comioeting-rod, 
tho other end of which curries a pin moving 
in a slot. Hero we have, in addition to l,lie 


frame, two members, each with three degrees, 
two lower pairs imposing two constraints each, 
and one higher pair imposing one. Hence 
there is one degree loft. This mechanism, 
modified by replacing tho higher pair by a 
block in tho slot, pin-jointing to tho connecting- 
rod, is called tho Slider Crank Chain, and 
assumes various forms or inversions by fixing 
various members. As described it is tho 
moohunism of the direct- 
noting engine, fixing tho 
oonneoting - rod wo get 
tho oscillating cylinder 
engine, fixing the crank 
wo got the rotary engine 
and the quick rotum, 
and fixing tho block wo 
gel a mechanism known as tho pendulum 
pump, but not mu oh used. 



Consider a rod with two pins working in 


two slots in tho frame. IIore we have ono mem¬ 
ber with its three degrees of freedom, and two 
higher pairs, leaving one degree. This mech¬ 
anism, with tho higher pairs replaced by hlnoks 
and lowor pairs, is called tho elliptic trammels, 
ns any point in tho rod describes an ellipse, 
and by inversion wo get the elliptic chunk and 
Oldham's coupling. 

§(2) Lorn.—An important branch of the 
subject is the determination of the loci of 
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points in n mechanism, mid fclio design of 
mechanisms to trace given loci. The ordinary 
methods of analytical geometry nro employed, 
but there are special approximate methods 
used in certain cases where the complete 
solution is not readily obtained. Much 
thought was at one time given to the subject 
of parallel motions, a term used to denote a 
mechanism which guided a point in a straight 
line. Such mechanisms nro now much less 
important than they were, hut an analysis of 
one of them (Watt’s) will illustrate a method 
which is very useful. In this mechanism 
two rods cacli pivoted at ono end liavo their 
other ends joined by a link. A portion of 
the path of one point on the link will 
then he a oloso approximation to a straight 
line. 

The arrangement of the mechanism is shown 
in Fiy. 5, with a centra lino diagram below 

p_it. Lot AX and BY 

[ )0 t| )c pivoted 

to tho frame at A 
and B, and coupled 
by tho link XY, which 
is not far from per¬ 
pendicular to thorn 
when they are parallel 
to one another. Lot 
'A bo a point on tho 
link and let AX=«, 
BY ~.b, X'A=x, Y 7j~y. Lot AX bo rotated 
through a small angle 0, then X rises at) and 
moves to tho left both expressions being 
correct to tho second order in 0. 

Neglecting tho oflfuot duo to tho chango in 
obliquity of tho link XY, Y will also rise at), 
and hence BY turns through ail angle aOjb, 
causing Y to move to tho right a distanco 
lb{aOjb)-=a 2 Oil'll). Hence / moves to the 
loft a distance (yaO s j2 - xa-0 2 /2b)l{x + y) which 
is zero if ax-by. 'A then rises in a path 
which deviates from a straight lino only in 
terms of the third order. 

In many eases loci nro plotted by drawing 
out the mechanism in a succession of positions. 
Tho labour may often bo reduced by drawing 
part of tho mechanism on tracing paper which 
is moved into successive positions and tho 
point whose loons is required is pricked through 
on to tho paper below. Models in cardboard, 
jointed by eyelets or pins, aro often ox tom- 
porised, and for some purposes woll-mado 
metal models, with members adjustable in 
length, aro used. This is notably tho caso 
with valvo gears. 

§ (3) Dtstlaorment, Velocity, and Accel¬ 
eration. (i.) Graphical Methods. — In studying 
tho motion of a point it is often found useful 
to plot tho displacement, volooity, and accelera¬ 
tion on a time base. This is especially tho 
caso when tho moolmnism derives its motion 
from a uniformly rotating shaft. A circle 


described round tho centre of tho shaft is 
divided into a number of equal parts, and the 
mechanism is drawn out with tho driving 
crank in each of these positions. This deter¬ 
mines n series of positions of tho point under 
consideration nt equal intervals of time, and, 
a horizontal line being divided into a corre¬ 
sponding number of equal parts, ordinates 
nro sot up to represent the distance of the 
point from some fixed point on its path. This 
curve is known as the displacement - time 
ourvo. Its form gives us a considerable 
amount of useful information. It shows tho 
extreme points of tho motion, and when tlioy 
occur, tho range, and the time between tho 
two givon positions. It may also servo to 
suggest an approximate formula for tho dis¬ 
placement, and can he submitted to harmonic 
analysis. Tho curvo can bo obtained from a 
model even bettor ill an by drawing. 

If more definite information ns to the velocity 
is required it may be obtained by graphic 
differentiation of the above curve, as the slope 
of the Intter is evidently a measure of tho 
velocity. If this process is to be omployed 
tho curvo must ho drawn with great euro, and 
the oxact direction and point of contact of 
tho tangent is best determined by laying on 
the ourvo a piece of celluloid on which nro 
scratched two straight lines at right angles, 
and adjusting this till the eye accepts tho lines 
ns tho tangent and normal at the point under 
consideration. Tho tangent being marked on 
tho paper, two points are taken on it, and tho 
dilferoneo of their ordinates, interpreted on 
the displacement scale, divided by the differ¬ 
ence of tho abscissae, interpreted on tho time 
scnlo, gives the velocity. 

A voloolty-timo ourvo can now ho plotted. 
It is difficult to obtain noournoy by this 
method, and a considerable amount of fairing 
of tho points and rodotorminatlon of the 
tangents will probably be needed before a 
satisfactory curve is obtained. Heuco tho 
desirability of more direct methods given 
below. 

A graphic differentiation of tho velocity- 
time curvo gives tho acceleration, which can 
also bo plotted on a time base. Tho accumula¬ 
tion of tho errors of two such differentiations 
renders tho need of more direct methods 
imperative. Tho ohiof use of a knowledge 
of the acceleration is to calculate inertia 
forces. 

In many eases it is useful to plot velocities 
and accelerations on a displacement base. 
This is especially so when studying tho motion 
of tho piston of a steam ongino or of tho 
cutting tool of a slottov or shaper. 

(ii.) Analytical Methods. — Velocities and 
accelerations can sometimes bo found ana¬ 
lytically. For instance, consider tho direct- 
noting steam onginc, shown diagrammatically 
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in F/<j. 4. This consists of a crank CP 
revolving romyi a lixed centre 0, and a 
connecting-rod RJ) which couples tlio ond of 
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the crank to the crosshcad to which the piston 
rod is attached. As the piston reciprocates in 
a straight lino, if wo wish to study its motion 
it will miflioo to study the motion of I), Lot 
tho length of the crank OP ho r, that of the 
connecting-rod P.1) bo l, and in tho position 
shown let tho angle HOP ho 0 and COP 1 k> 0. 
Thou D is to tho left of 0 a distance equal to 
r cos 0 -I -1 cos 0. 

Since r sin O-l sin 0 wo may write this 

r oos 0 -h l ,^/1 - sin 3 0, 

ami if rjl ho not too largo a oloso approximation 
is 

r ous 0 -|-1 ^1 - l Hin 2 0^ 
cos 0 -^sin 2 0J |-Z 

—r (cos 0 -t- y cos 20 - -1- 1, 

where n Ifr. 

It may ho noted that tho mid-point of tho 
stroke is a distance l to tho loft of 0, and for 
most purposes it is oonvoniont to measure 
from it, omitting the l in this expression, 

This gives tho displacement of 1). Its 
velocity is, by differentiation, with respect to 
tho time, 

w r ^»in0 + g- sin 20^ 

towards tho right, where u -■■dO/ill, tho angular 
velocity of the crank. A second differentiation 
gives for tho acceleration, if wo nssumo w to 
ho constant, tho value 

wV ^008 0 -h ~ OOB 20^ . 

It may ho noted that tho flooond harmonic 
boaomns more important with each dilTorontia- 
iiion. This is a gonoral occurrence. 

Whore analytical methoda are not prnotic- 
ahlo, tho following methods are used. 

(iii.) Velocity Images ,—Consider two points 
A and B. Lot tho volocity of A ho u, and tliat 
of .15 ho v, Tako an origin o, draw on to 
ropresont u in magnitude and dirootion, and 


nh to represent v. Then by the triangle of 
velocities, ab represents the velocity of 15 
relative to A. If A and .13 bo two unconnected 
points, no restriction is placed on ab, but if 
A and 13 he two points on a rigid body the 
only possible motion of .13 relative to*A is 
0110 of rotation round A, and hence ab must be 
perpendicular to A13. ou is tho velocity of a 
and oh that of l>, and it is easy to see that the 
velocity of a point Con A13 is oc where c divides 
ab in the same 
ratio that C 
divides A13. 

TJi« lino ab is 
conveniently 
called tho ve¬ 
locity image of * 

A13, and the 
imago of a point 
I) carried by AB but not in tho lino AB is found 
by constructing a triangle abd similar to A13D, 
oil then representing completely tho velocity 
of I). 

If now, in any given problem, wo know tho 
velocity of A wo can draw on, and then wo can 
draw a lino ab at right angles to AB, on which 
b must lie. Tlio direction of tho lino joining 
o and b is usually given from tho knowledge 
of the direction of motion of b, and the inter- 
soothm determines b. ab then gives completely 
the velocity of b. Tho velocity of b relative 
to a is given by ab, and the angular velocity 
of the rod is evidently ab/ A13. As an example, 
consider the direct-acting engine. Referring 
to Fig. (1, where the ecntre-lino diagram is 
repeated from Fig. 4, with tho same notation, 
to determine tlio velocity of tho piston sot oil 
op at right angles to OP, to represent wPP, 
tlio volocity of tho ornnkpin on a convenient 
soldo, w is, as above, tho angular velocity of 
the crank. Draw pd at right angles to PD to 
represent the velooity of D relative to V in 
direction. Tho actual 

motion of l> is along pX p 

tlio lino DO, and hcnco S\ 

wo draw oil in that d .0 0 ll 

direction to out pd in j,- IOi 0i 

d. oil now represents 

tho velocity of J) and pd that of D relative 
to P, honco tho angular volocity of tho 
oonnooLing - rod is represented by pd/VD. 
(It is easy to boo that if DP ho produced to 
moot tho porpondicular through C in T, tho 
triangles opd and CPT are similar, and hence 
C.P/CT —op/od, and sinco op represents «CP, 
oil represents wCT, i.c, the velocity of tho 
piston is cuCT.) 

As a more complicated case consider Joy’s 
valve gear. Tlio contra-lino diagram is given 
in Fig. 7, To tlio connecting-rod AB of a 
direct-noting engine a rod CE is attached, TO 
being constrained to move round 0, by the 
rod OjR To a point D in CE a rod' DU is 

2 N 
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Attached, n point F on which in constrained to 
move round 0 2 either by a rod 0,F or by a 
ourvuri slot in which F must lie. (i is attached 
by the rod (IV to V, the end of the valvo 
spindle. Thu method of velocity images can 
be applied us follows to find the velocity of 
v. Set off on to represent wOA, and determine 
b as above. Divide ab in c in the same ratio 
as 0 divides Alb Draw ce perpendicular to 
CJ.K for the volooity of E relative to C, and as 
its actual veloeity is perpendicular to 0,13,• 
draw oe perpendicular to O t E to moot the 
former lino in e. Divide ce in d ns CE is 
divided in D. Draw df porpondicnlnr to Dll', 
to meot of, perpendicular to O s P, in /, and 
produce df to g in tho same ratio that T)F is 
produced to 0. Lastly, draw go porjiciulionlar 
to OV to meot a lino through o parallel to 
tile direction of motion of V. ov then ropre- 
oonts tho velocity of V on the same Rcnlo as 
on does that of A. 



but thoro is now an important difforonco. 

I f A and D bo two points on a rigid body tho 
relative acceleration is not in gcnoral oithor 
along or perpendicular to All, but consists of 
two components, one of « a AB along All and 
ono of wA'U at right angles to it. These 
may bo called tho radial and tangential com¬ 
ponents i in general wo can calculate tho 
radial omnpouont when wo liavo drawn tho 
volooity imago, and have found w, but all wo 
know about tho tangontiftl component iH its 
direction. 

As an oxamplo oonsidor tho direct-acting 
ongino. To dotormino tho acceleration of 1), 
first draw tho volooity diagram opd as in 
i'ig. fl. Tlion from a frosli origin sot off 
op to represent w*CP, the aacoloration of P 
in magnitude and direction. The acceleration 
of 1) relative to P consists of a component 
D a .DP from I) towards P and top at right 
glcs to it, whoro Ll is tho angular volooity 
the cnimooting-rod. 11 is known from tho 
looity diagram, being given ns pdfVS), but 
is not yet known. Therefore wo sot off pd t ; 


parallel to DP anil representing D a DP, on 
the acceleration scale, and thon draw a lino 
through d, perpomlicular to PR, to represent 
the tangential component llDi* in direction. 
Since tho actual acceleration of P is along the 
lino of stroke, a lino through o parallel to CD 
meeting dd L in d determines the point d. Tho 
lino oil now gives tho acceleration of D in 
magnitude and direction, and dd t , being tlio 
tangential com- 

1 ponent, rojiresents 
iiDP, and hence i'l 
is found, if re¬ 
quired. 

This method 
of acceleration 
images can bo 
applied to any 
system of link- 
work. It should 
be notod that tho 
actual imago is 
pd, not jxli or dd u 
and that tho oocoiomtion of any oilier point 
in PR is givon by tho lino joining o to the 
corresponding point on pd. 

A very neat construction duo to Klein can 
bo readily dorivod from tho ubovo. Produce 
DP to meot tho porpondioular from C in T, 
on D ns diameter dcsoribo u circlo, and with 
P ns centre and PT as radius cut it in Z and 
Zj. Join ZZ, cutting RO in K. Tho required 
acceleration of D is « 2 CK. It can be seen 
readily that OPYK is similar to opdpl, in. 
tho snmo way that OPT is similar to opd, 
and sinco PY.PI)=PT a , tho proof follows at 
once. 

§ (4) Instantaneous Centres. — A very 
useful mothnd of analysing tho motion of a 
mechanism is hy tho uso of instantaneous 
centres. A body moving in a piano may ho 
brought from any ono position to any other 
by a rotation round a cortain point. For lot 
A and B bo two points in tho body in ono 
position and A'B' tho same points in nnothor 
position. Bisoot AA' 
and BB' by linos at 
right angles moot¬ 
ing in I. Thon 
TA-TA', IBs UP, 
and tho triangles 
IAB, IA'B' aro 
equal, lionco tho 
angles AIB and .Fig, o. 

A'lB' are equal, and 

lionco so aro AIA' and BIB', or tho rotation 
round I which carries A to A" also carries 
B to IP. 

If tho displacement bo mndo small so that 
All and A'B' aro consccutivo positions, AA' 
and BB' bocomo tho directions of motion of 
A and B respectively, and I is called tho 
instantaneous centre, and tho motion of AB 




kinematics op machinery 


j 3 }t , T. Eluvt instant a rotation round I. Tho p 0 ai- 
titttv <’f -Lis found by erecting perpendiculars to 
t j,e i-| in jo tin ns of motion of any two points of 
t ],o Jjody, and thin in readily dono in ninny 
a iKCfl owing to tho iniluro of tho m.viriiints, 
c . y, if «i l K> int niovos along a straight slot! 
X lies on a perpendicular to Ihe slot, and if n 
point in guided in a cirali? hy a link, I lies on 
tlio ©outre lino of the link, produced if 
nocsoBfuwy. I for inatimco, in Um direot-acting 
0] , <jri lie, tho instantaneous centra of tho 
oc>n i looting-rod lies at tlio point I wlioro tho 
centra lino of tho crank produced outs a lino 
through tho crosshoad pin 
'f —jmrperulioulur to tho slide 
| lmr » f(,r *’ * H moving at 

L, -—-- — rigid- angles to tho lino JPC!, 

D Fill. 10. 0 and I) at right tingles to 11). 

Tlio velocity of 1) may now 
bo found an follows. If w ho the angular 
volooity of the crank, tlio velocity of I* i« 
wP< J* Noneti tho angular velocity of tho con- 
nutst-iiIK*rod about I. in wl*(J/i»I and tlio 
vnltituhy of D is wj'<!. 1 D/1M. |{y similar 

triiiiilgloH this can ho proved equal lo w.CT 
list hIiowii above. 

r l\j apply tlio inotliod to more complicated 
incioliaiiinniH wo need tlio proposition that tho 
roUt-t'ivo iiiHl.autanomui contrcH of tliroo bodies 
ttilcori in pairs lie on a straight lino. This in 
onsily proved. Lot tho hodies ho A, .11, and 
<!, i i-iid let (lie iiiMfiuiiaiicoiis oiintro of H 
mldtlve to (J hn l/ai, and so for tlio othor 
fwvl I'M. Thou in a point on (! at rest rolutlvo 
Ut I*. Ninee l ll(l in tlio instantaneous centre 
of H relative to A, l,, n oonsidoiud as a point 
on. B is moving at right angles to i n! ,l h0 . 

^. Similarly ns a 


|»niiit on C it 
\\ vi right angles to 

\ ( I rtil J T T. Tilts 

- - >\ ■ L (ie 1 io‘ •‘•am 

——— _ enn only Imp- 

Fin, II. P«'i if tho 

two directions 

ooinoicUi, i.p.. if I„,„ t be , and l eu are in tho same 
atmjglit lino. 

In applying the above (hcuroni to a onniplhmteil 
meol kui ism the iiolnUnn in improved hy omitting tho 
l’s and denoting dm inn tank immm eoiUro of A 
ami .11 liy ah. The relative iimluiilaiieoim centra of 
twti (iiotnliem uoimeolcd hy a pin In at the centre 
of tlio pin, and if tlio iimlnnlaiieouH centre of ono of 
tlioiti in already known a line can ho drawn through 
italic E | bo eel lira of tho pin and this lino must con¬ 
tain tlui iiiNlnnlancons ccnlrn of the othor. A 
second pin joint on tho member under dismission 
given miuthnr line, and the ocutro required lies at 
tho Ii i tiJi’Mcclioii of these two lines. 

Ah tm uxniiijilo consider .ley’s valvo gear. Donoto 
tho liitlcu hy AIK'DKIfU mi shown and tlio frame 
by O . Tlion (lie instaiitaiiuous centres on, ah, bo, cd, 
do, cc, t-f, a/, eg can ho labelled at once as tlioy are 
P U1 j fiintfi. cb is then found hy producing ou, ab to 


moot flio vertical through tlio ornssltond pin as in 
the last example. Since ab and be mo known, oo 
must be on the linn joining them, and it must also 
ho on (ho iino joining do and do. This locates uc. 
(Note the cyclic? order oh, be, Co, and oil, do, co.) 
We now proceed lo find oe using the lines oc, co. and 
°f> of. Since one end of CS is moving round on and 

0 !j tho oilier is moving ailing 

l\\ tho line of stroke of tin? 

valve, otj is found ab (hi* 
intersection of oe, eg wi(h 
the vertical 1 trough the 
otiicr cud of (f. Tho 
velni'ity of tlio 
is then 
found from the 
angular velocity 
of the 



\ the motion 

on- q - 00 c " tlirough tho 

meeliiiiiisin from 
PlQ. 12. centra to centre, 

multiplying tin? 

angular veluaity by the distance of a point from 
one instantaneous centre to got- its linear velocity, 
ami dividing liy the distance from the next to get tlm 
angular velocity round it, and so on. 

This method is in ninny canes preferable (o Um 
ihoIIkkI of velocity imuges, an it- mm lie applied 
diroolly to Um centra.line diiigrmu of tlm iiieoluuiisin, 
and does not involvo tho drawing of a hcciiikI diagram 
and tho uho of the parallel ruler. 

There is an analogous method for doiorinin- 
ing accelerations, hy using tlio properties of 
tlio contra of no uooolcrnl-ion. To find tlio 
latter wo draw lines mailing mi angle /i whoso 
tangont is «/w a with tlio dirootions of l-ho 
uooolomlions of two points on tlio hotly, to 
moot in J, tlio acoolomtinn of any point P 
Iming then w 2 i’J along tho lino 1.M and mPJ 
at right angles to it. Tho aolunl coiiHlniotions 
to find J depend mi tlio data, and in general 
tho inotliod of acceleration itnnges is more 
useful and simpler. 

§ (6) Cams.—W hen n member of a mcolmn- 
ism is required to have a motion that cannot 
conveniently bo given hy means of a link work, 
reoomso is had to a mm. A onm is a revolving 
mom her having sliding contact with a eliding 
or rooking momboi- called tho follower, tho 
former being so shapod na to givo tlio required 
motion to tho lattor. Cams may ho divided 
into two clauses usually known os edgo cams 
and faco cams. Tho former, as tlio name 
implies, consists of a flat disc, tlio follower 
boaring against tho edge, whilst tho latter 
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consists in principle of a disc, one side of which 
is a formed truck against which the followor 
bears. A cylinder with a groove on its curved 
surface, in which runs a roller carried hy tlio 
follower, is evidently equivalent to a fnco 
cam. Faces cams are easily designed, ns fcho de¬ 
velopment of the cylinder track must ovidontly 
ho the displacement-time curve required for 
the follower. 

Edge cams may be divided into two types, 
called point cams and tangent cams; in the 
former the motion is imparted to a point on 
the follower, and in the latter an edgo of the 
follower is always tangential to tho cam. 
In point cams tho point may bo constrained 
to lie on a lino through tho centre of tho cam, 
on a lino passing to one side of the contra, 
or in an arc of a circle about a point on which 
tho follower is pivoted. In a tangent cam tho 
follower may bo oonstrainod to move parallel 
to itself or to swing about a centre. 

In all cases tho simplest way to sot out a-n 
edgo oam is to imagine the earn at rest and tho 
remainder of the machine revolving round it; 
the required form of tho oam is thon found as 
the locus of tho points on tho follower in a 
point cam, or ns tho onvolopo of tho success¬ 
ive positions of tho edgo in a tangont cam. 
Usually in a point cam a roller is used to 
reduce friction and wear, and in that enso tho 
cam ns actually mado is tho envelope of a 
sorics of oiroles whoso centres lio on tho cam 
ns designed nbovo to give tho required motion 
to tho centre of tho roller, and whoso radius is 
that of tho roller. 

§ (0) Valve Gears. — These, and tho 
mothods used in studying them, form an 
important brunch of tho subjoot, but aro not 
dealt with in this article. 

§ (7) Crank Effort Diagrams.’ —Although 
involving tho idea of force, and bonce not 
strictly belonging to kinomatios, mention 
must bo mndo of tho subjeut of crank olforb 
diagrams. In studying tho notion of a slonm 
ongino it is useful to plot on a crank anglo huso 
tho effort oxertod by tho ongino in turning its 
shaft. Tho inothod may ho rovoraod and 
used to study tho turning moment needed to 
drive a machine. 

fly the principle of virtual work, if u be tho 
voloelty of tho crankpin and v that of tho 
piston, P tho not thrust on tho piston, and T 
the forco on tho crankpin in the direction of 
its motion, thon Pw =Tm, i.e. T=Pu/it. Tho 
plotting of a crank effort diagram involves, 
therefore, tho determination of P and tho 
do term ination ujv. 

Tho latter is done hy means of tho volooity 
imago, by instantaneous centres, or by any 
othor method suitable to the mechanism under 
consideration. In tho direct-acting ongino it bus 
boon proved that ujv =GT/GP, hence wo have 
T. CP = P. CT, and since T. OP is the moment 


of tho forco at t-tyo crankpin about tho crank, 
all wo liavo to d{j is to plot tho product P. CT 
which is equal.*to it. P is determined from 
tho iiulicfttojL/diagroms, being tho dilVomneo 
botweeiv'^Tb pressures on the two sides of the 
piston, multiplied by the area of the piston, 
and corrected for inertia. It is usual to plot 
not tho total P, but the value of P per sq. in. 
of piston; tho same diagram then serves for 
ongincs of different sizes, provided they hnvo 
the same steam distribution. To correct for 
inertia wo require to deduct W'f/Aij lbs. per 
sq. in. from the difference of pressure shown 
by tho indicator, whore W = weight of recipro¬ 
cating parts. A —area of piston, /----acceleration 
of piston. Tho last must he found for a suffi¬ 
cient number of points on tho stroke, and 
this may bo done by Klein’s construction. 
It is more usual, booiutRO simpler, to use 
tho formula /= w 2 r{cos 0 -|-1 /«. cos 20) proved 
abovo, and to select tho points where 
0 = 0°, 45°, 90°, 135°, 180°, when tho expres¬ 
sion in tho brnokot boeomes 1 -(- 1/m, 1/,/a, 
- 1/w, -1 / n /2, — (1 — 1/m-) respectively, values 
which aro easily calculated, and wliioli give 
a sufficient number of points to enable n 
smooth curve to ho drawn. A diagram of 
not pressure being first constructed by measur¬ 
ing from tho top of one indicator diagram 
to tho bottom of tho other, the inertia 
ourvo is drawn across it, and tho cor¬ 
rected pressure scaled off mid multiplied by 
tho corresponding value of OX; the product 
is thon plotted on a crank angle base. 

Tho chief iiso of such diagrams, showing 
tho variation of effort during a revolution, is 
to enable us to study tho resulting fluctuation 
in speed, and to servo as a basis for the design 
of flywheels. 

In a similar manner diagrams may lm drawn 
showing tho effort needed to drive, say, a 
shaping maohino, given the portion of tho 
cutting strokes for which tho tool is in con- 
taot with tho work, and tho cutting pressure. 
Wo onn also find tho fluctuation of effort 
needed to drive an air compressor or hydraulics 
pump. 

§ (8) Toothed Wheels. — An important 
branch of tho subject is tho discussion of 
toothed wheels, both ns regards tho angular 
volocity transmitted by a train of wheels and 
ns regards tho corroot form of ourvo for tho 
tooth. 

Tho determination of tho ratio of tho velo¬ 
cities of tho first and last wheels in a train 
is usually a simple matter. If two -wheels 
liavo n, and n,, tooth respectively and make 
R, and R. a revolutions respectively, thon 
ovidontly ?i 1 R 1 =» 2 R 2 . In a simple train of 
wheels whore each one gears into tho 
precoding ono and drives tho next ono in 
tho train directly, tho numbers of teeth in 
tho intermediate wheols ovidontly cancel out, 
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ami I,lie velocity ratio tm" conclusion tlmt 
(inly on the number of teefcW errors due to 
liint, Tho intermediate whor'd heat loss 
©ailed idle or transposing wheels'? on a large 
bo noted that if there is an oven 
wheels the lust ono revolves in IIP enndonso 
direction to tho first, ami if an odd number, in 
tho same direction. 

In a compound train there aro ono or moro 
shafts, each carrying two wheels; motion is 
imparled to tho shaft through one of tho 
wheels and is taken olT by tho other. For 
such trains wo have tho simple rule : Velocity 
ratio--product of numbers of teeth in drivers 
divided by product of numbers of teeth in 
driven wheels. Worm wheels may ho included 
in this rule if wo regard a single-threaded 
worm ns having ono tooth, n double-threaded 
one two tooth, and so on. 

In opioyolia trains, wheels, known as planot 
wheels, gear with a central wheel called the 
sun wheel, whilst their centres aro constrained 
to move in u oJrdo round it, Such trains arc 
easily dealt with by first considering tho 
planet wheels to have their centred fixed, 
assigning a velocity of rotation to one wheel 
of tho train, and tabulating tho velocities of 
tho others, paying attention to sign, and then 
superimposing on the whole system such a 
rotation as will reduce to rest the wheel that 
actually is at rest. The velocity ratio of any 
two wheels can then ho written down by inspect- 
tog the table thus modified. Such trains aro 
largely used where a big reduction in speed is 
needed, and also in change speed gears for 
cycles and motors. 

Ah regards the 1111 mher and proportions of 
tho tooth, lot (.), O' ho tho centres of two wheels 
which aro to gear together. Divide ()()' in 
F, so OP/O'F is the velocity ratio to ho trans¬ 
mitted. . 1> is usually culled tho pitch point, 
and it is evident that two rough circles of 
radii OF and OF' will transmit tho required 
velocity ratio, Tho actual wheels may ho 
considered ns derived from these circles by 
providing them with teeth. The distance 
from tho point where one tooth outs the 
circle to the point wlioro the noxt ono cuts it, 
measured along the pitch circle, ih callod tho 
circular pitch, and must evidently ho an 
oxaot mdmudtiplo of both circumferences, 

If tho circular pitch bo oxprcssiblo in inches 
and fractions, tho radii cannot be, since tho 
radius of a wheel of n tooth is w/j/27t, and con¬ 
versely if tho radii aro expressible in inches 
and fractions, p, the circular pitch, will ho 
incommensurable. The latter system is tho 
most convenient in practice, and instead of 
working in terms of oiroular pitch it is moro 
usual to work in tonus of p/ir, which is ovidontly 
equal to tho diameter divided by tho number 
of teeth. It would ho convenient to call this 
tho diametral pitch, by analogy, but as it is 




alters the temperature gradient along this pipe. Ho 
consequently overestimated tlio correction and ob¬ 
tained latent heat values which were too loir. 

Jii.) Diclerici 1 measured tlio latent heat at 
0° by means of a Bunsen ico-calorimotor. 
’T' 1- " 1 -.Vs/>d in the innor tube 

and ns it is usual to make tho height of tlio 
tooth above tho pitch circle (called tho 
addendum) equal to p/v, the over-all diameter 
of the blank before cutting is found by adding 
- to tho number of teeth and dividing by tho 
diumntrnl pitch. For example, a wheel of 
24 teeth, and diametral pitch 4, would 
have a pitch circle diameter of (i in, 
(24/4), an over-all diameter of (>.V in. 
(24 -i- ‘2)14, tho tooth would stand ] in. above 
the pitch circle and would he cut slightly 
more below it, and tlio circular pitch v would 
bo tt/ 4 in. 

As regards tho form of tho tooth, the essen¬ 
tial condition is that the tooth, which movo 
over ono another with a combined rolling 
and sliding action, should transmit a constant 
velocity ratio. If this condition is not fulfilled 
thcro will ho vibration and noise accompanied 
by loss of power. This condition makes it 
necessary tlmt tlio common normal to tlio two 
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tooth at their point of contact should puss 
through tlio pitoh point in all positions of the 
wheels. This may bo proved as follows. 
Imagine tho left-hand wheel at rest and tho 
right-hand whool rolling on it. F is evidently tho 
instantaneous centre, and bunco Q considered 
ns a point on tho right-Iuind wheel is moving 
at light angles to FQ. If tho teeth are noithor 
to penetrate ono nnothor nor to separate, 
this involves tho common tangent at Q being 
perpendicular to FQ. (It is ovidont that the 
volooity of rubbing is («i - 1 - w 2 )FQ, wlioro the 
<u’s aro tho angular velocities, and this only 
vanishes when the teeth aro in contact 
at P.) 

It is ovidont that if tlio form of the teeth for 
ono wheel is given, that for tho other can ho 
dotorminod by imagining one wheel to roll 
on tho other and to force tho material of which 
it is made into U 10 required shape. This can 
also bo done cm tho drawing-board, by rolling 
a picco of tracing-paper with a circle to 
represent ono pitch cirolo on tlio pitoh circle 
of tho other drawn on tlio paper below, and 
tracing through tho tooth in tho successive 
positions. Tho required form for tho tooth 
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oonsista in principle of a disc, one side of which 
is a formed track against which the follower 
bears. A cylinder with a groove on its curved 
surface, in which runs n roller carried by the 
follower, is evidently equivalent to n faco 
cam. Face cams are ensilnin y.o <i»- 
auitnble form's must bo chosen. Two systems 
aro usually described in text - books, ^ in¬ 
volute teeth and cycloidal teeth. The 
former are almost exclusively used now, 
the disadvantages formerly attributed to 
thorn being much less serious than their 
positive advantages. 

Imagine that the two wheels carry circles 
called base circles whoso radii aro slightly less 
than those of the pitch circles, the ratio being 
tho sumo for both wheels. Imagine an iu- 
oxtonsiblc string attached to those circles, anil 
crossing between them; thou as tho wheels 
revolve the string is unwound from one huso 
eirclo and wound up on tho other, keeping 
taut in virtue of the ratio of the radii. Detach 
tho cord from one base circle and, hooping it 
taut, unwrap it from tho other. A tracing 
point on it will describe a onrvo known ns the 
involute of tho base eirclo. Reattach tho cord 
to tho other baso eirclo and dosoribo an in¬ 
volute relative to it, using tho samo tracing 
point. Now attach tho cord to both base 
circles; tho two curves must meet at the 
tracing point which described them, and must 
touch, since tho cord is normal to both. As 
the wheels revolve, and tho tracing point passes 
across from one bnso eirclo to tho other, tho 
involutes remain in contact, and lionco are 
possible forms for wheel teeth. It is easily 
aeon by similar triangles that the cord passes 
through the pitoh point, and ns it in tho 
common normal tho condition for uniform 
velocity ratio is fulfilled. 

Tlio othor form of teeth consists of two parts, 
tho part outsido the pitch oii'clo (tho face) 
being an oployoloid formed by rolling a small 
circle on it, and tho part inside (tiio flunk) 
being a hypouloid formed by rolling a small 
circle within it. For two wheels to run to- 


of tho force at Fife 1 on I ° and flunk of the other 
all wo have to dy 0i \ b V ™ llm B <'[ tho 

which is equal * f 1 , i ,iukL th » ,la » k of <*0 
tho indicator!! 10 ® of Ul ° Ah fap as ,°no 

botwcoivCTo: 8 IH - co "~ mc ? these two rolling 
{, t different diameters, but i£ 
tho wheels are to form a series any pair from 
whioh will run together, all tho rolling circles 
must luwo tho samo diameter. A proof that 
such tooth fulfil tho necessary conditions i s 
givon in Dunkorloy’s Mechanism- 
Involute tooth have two very important 
ml vantages. Firstly, if I lie centre distance 
bo varied slightly they still gear together 
currently, as long us they are sufliciiontly far 
in mesh to run at all, ns ciui be seen by con¬ 
sidering the cord and involutes described above. 
This is not true for cycloidal tooth. Secondly, 
tho rack which gears with an involute wheel 
has straight-sided tooth, and by means of this 
property involute teeth can be generated from 
a cutter with a straight edge, and not merely 
copied from a formed cutter or formor. Henco 
tho accuracy of cutting is more to ho roliec! 
upon. 
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Ktnktio Theory of Matter Am.rKn to kx- 
plain tiik Gas Laws. See " Thermal Ex- 
imnsion," §(I5)s “Thermodynamics,” § (GO). 

Kihoiiiiofk’h Law ok Radiation. A law 
whioh states that, for radiation of any one 
frequency, tho ratio of the eoolHeiont of 
emission to the oooffloiont of absorption is 
the same for all substances whatever, anti 
dopeuds only on the temperature and tho 
frequency of tho radiation considered. See 
“ Radiation Theory,” § ( I). 

KrtuTiNd Two-stuokkEncink. Hce ’‘Engines, 
Internal Combustion," j$ (10). 
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Lao, Thbrmometrio. Tho interval of timo 
whioh elapses boLwcon tho plunging of a 
thermometer into a medium at a dilloronfc 
tomporaturo and tho attainment of tho final 
reading. See " Thormomotry,” § (10). 

Langmuir “ Condensation ’’ Pump, See 
“ Air-pumps,” § (46). 

• LATENT HEAT 

” T • -vw<n T-f mat OK VAPORISATION 

V ItKONAULT AND 

--"on of tho heat 


of vu])oriHation of a liquid does not present 
much difficulty if only approximate values 
aro desired. Rut, when nu noournoy greater 
than 1 per cont is aimed at, groat precau¬ 
tions must be taken to minimiso tho errors 
dito to tho vapour carrying over small particles 
of liquid. 

Since the thermal constants of water Jiavo 
boon studied more exhaustively than those of 
any other substance tho methods omploycd 
for tho determination of the latent heat of 
steam will bo considered ns illustrating the 
procedure in suoli oxporimonts, 
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(i.) tit'i/llillill i'll dll' In 111)' «*c >llc;l i mil i|| Hull' 
Min lii’iil- lllHlinii of t'l'dimilll' nil.uu ilnn In 
Mm uimilnniiiilinii nf vnpniir mill limit. I<m:i 
fmm llm pip"". utu., wmi In work on a 
mmln. 

11 in - inulIn u I nf nxpniimciil. wan In i-oiiiIciimii 
ill mi in under tin In ru 4 inn piciiiiiirn in a niiloii- 
mi-lnr nf nliniili H>lt hlnn mipunil.y anil nhii'ivn 
Min (milpi-rnlurn linn nf llm wnlnr in llm nilmi- 
iiinlnl 1 . Tim ipiniilily of i nininmiml wnlnr w'lin 
of llm oi'tlnr nf III lilrmi. Tim inilin! tempi >111 
l-lirn nf Mm ulmiin vnriml from III’/" In I MV" I’., 
mill Mio llmv inlet llm "iilniimnlir ivnn roll- 
linllml Iiy H (hrollln vnlvn. It. miplil he 
rniinirki-il Mint, llm n\pmniinii nf Mm liiph 
pi'mimiri' nlnuui ilmvn In iilnin.-iplmrin pri'ii'iurn 
in piiHiiinp ihloiijrlt Mm vnlvn ilni'ii lint, ulti-r 
Mm l.nlnl Imal. nf (Im ulmiin, pmviilml tlmrn in 
tin nxlmiliil lo.-iii nf limit, ninl im nhiinpi' nf 
Itiimlin nimr/ty. If kiimlin nimipy i» ifnimrnlmi 
III, Mm vnlvn II- In n-ininvoi Iml into limit in llm 
(mlni'iiiu-li-r. 

Ki'l'.iiinill ’n n 11| m in I im in now nf liinfnrimil 
illlni'i.'nl, Hilly, mill n ilnlnilml ilivmiiplinii of it 
will Im fnintil in I'rmilnn'ii V'/unn/ nf llml (did 
ml.), p. :»<I 7 . 

Tim iviiiiltn ulitiilui'il liy Iti-jiiiiiiiH uppim' tn Im 
fnlily icllulili- ovi-i- tin- iiiii|!n fmm loll't'. In -.inn' i*„ 
lull, Ih-Iiiw M HI" (\ in,, vltlnli'i) hy M vi-rnl imiin" .'i nf 
l-llnr, ullil ill 1 'i'i'i’llt y*'iirn Iti-jinmill'ii v.iIhi-i Inin- 
ln-i'il liii|H'iiM-«lv<l liy lint" iilitniii'-il iimlt'i- him" 
fnvinii,iM" i-iiiulllliiiiii nf i'\|i"iinii-ii(. 

In Iti'/rimilll'o Hum IImi" wmi im inf.>iunitl-m 
II Vlllllllll" "llllri'l lllll|( III" Vlll In 11> HI nf III" ri|.."lt|li 
Ill-Ill nf wull'l' with t"lil|il'l'.*tni" 1 llnl" Mil" 4i" "Will" 
nf (Im ("inpniiiiy i-liillijC'i nf V"i'n nf niiii-iny 
tlmniuiliii-li'iii, 


Tamms I 

Itinu aui.t'/i Vaumi 



Aiiiillmi- mum'll nf i-imr lii Hi-itiimiK'ii ii|i|.:ir,iltii 
wmi tlm nnmlitlniy "nii.'i'tiilui; Mm Imni tiniii(iii,|i->| 
lilln ill" I'lilnilliH'tiT iilnii^ tin* |ii|>" inlivi-yllin llm 
uti-nill. H.'KIIllllll I fill lllllli I III" l-nl'lri-tllill liy nlmi-rv. 
Inn llm ml" nr rlnn nf mi nxuiilly "111111,11' i-iiliii-jiiii'lvr, 
wltli iiinillnr I’liiniintliiim, lulu whlnli nn Hti*mu wni 
I'U'wil. H'll, Mi" l"iii|i"nilim» nmilli.nl, iilmitf tlm 
pip" wlili-li ili'l"miliii-n llm Imii(. Jlmv il"pi>ml*i ii) mu 
lint r«lo "f Il'MV of llm uti-rtin, fur tlif'i Iii'i-i-tmntlly 


III I ■>! :l til" ll-lll|ll'|.ltlll" | r II 1 < 111 - 111 n 1 . 1111 i III" }>i | n-. Ill- 
t-iillMi-i|Iirnl|y iivi'l'i-ritillliili'ii tlm inini'linn ,iii,l uti 
lllilll'il lilli'llt III'.'ll VIlUli'U It'llii'll W"l" Inn lull', 

(ii.) I 1 Mimi.iiOi'il llm In 1 1 nl Imul nl 

0 " liy mi-iinn <<f u ISuiiimn ii'"-"iilniinmlnr. 
Tlm will nr wmi niitilniimil in llm immi' Inlm nf 
Mm ii't'-i'iilnrinmli'i' mnl llm wnlplit. nf nmri'uiv 
ex I nidi'll nlrmrvi-d mi "viipnnilimi of llm 
Wilt IT. 

11 ill uh.'ll'I'VllI inml well’ Vi'l'V I'nlli'niilmil, mnl 
Mm iliiVi'i<'iM-i"i (mm llm ihi'iiii w"i" li- i i lltmi 
I pm I in til lit. 

At lit nl In' mniinmil llm vnlii" I.Vll 
iiiiilipriniiii nf iiii'ii'ioy pt-r nmmi mil-ni" 
for llm I'onidmil nf lln> i-nI.•)im>-t• i, whj.'h 
wmi llm nmmi nf Mm n’.iull i ..f pin\nuiii >>1 ■ ■ 
IH'I'ViTlI, 

Thin pirn* Mu* vidnn hlllltitl iimmi i<uImi|ivi 
fur llm vidim nf |, n| II". 

Nillmi'ipmnl. I'xpnlinii’iil i nf |)it-|"ii"i * in 
wlih'h wnli'i' t>ni<|n;ii-i| in n i pm it/. Inilh In-iilml 
In llltr wiiii ihuppi-il in1 1 • llm "iilniliimti'i ipivn 
III" Vidtll' I /»* <|U 11 fur III" I'nll’ilillll of 111" 
«'idoiiini't"i'. 

On lliiii Inmin Mm value of 1, nl 0" would Im 
fill I H:i mi-mi "idol i»"i. 

S (if) tiim-TiTH'i' I'Im'I.uimi ni.i, -Tlm vnlim 

■ >f Mi" |,il"nt hi'iil of i-iiipni,i|inn uf wnl"i 
uf Mm (i'lnp"liltilli'ii of flit" imii '|U t \ wmi 

■ li'ti'i Miiimil hy K, II. Milllitlni,* w In, .. iip|,.o.il in 

In "Innl n In rii/, I. 

A l.nowil IVt'ipItl nf W,l(>'l Mil I pill ill <1 (dlt'i l 
Imlli II with ii inoinw j"t, mnl Mil l w, 11 plm . .I 
in it immll uilvi'i' tlmil. !■' tn u l.l. li w.m .iti.mlii'.l 
U "nil of Ililvi't lull" T |!i fl. Inlli; llntwnn 
tlm tl.iil, mid Mm «-■ <11 nf tulm wmi a u|<ii,d 
of pliilinnni nilver win. wlih li, h",iio| hy mt 
nli'i'hiu unit "lit, Mipplti-il th" |m"( in > mmi v 
to v«»|iiirlm* Mm wiili'i'. Tin- Ihmli, litlm, mnl 
will* IVI ’ll i till I imtn,ii',l In til" lilt'" iiinlnl, 

with-it uni lilliil with ‘inillin- in Mm r.iiliiu' 
i*\pi'ilnmnl'i, lull litliu- tilth n npn-iid pi tinl"iiiii 
oil w hit'll wurt tlull Vnl.lttl" ullil n p;»nu| ii">iil,iti,|', 
TIlO «.'l|niill 1 l!l"l, lll illl! Nill inuiuii-il hy u 
vamumi mnl n nmrnniy lhi-itiin.il.il jiiulo'l, wnu 
l.i'pl ul ii i'ii|i'il"iil Irinpi-i.ilm". imvi'i V.o t iup 
mi Mlili'h mi IMII'’ Tlm i-lid of llm nilvi-r 
Inlm piiiim'd tut!'iliin Mm nppiiMliit mnl tvmi 
i'iumi-iil"il with nn nii-punip. On wnikiiu; Mo* 
pump fhn milt-r tvn-i mmln t-» ji .im ih.,p hv 
drop fmm Mm hu|h mnli-r flu own v>ip-mi 
pIi'iiilMn im Ihiif fhn i,i(n of nv.ipui.ilmil ••mill 
in- linpl (|iiiln to|Milar. Tlui i llm t ,ip,.io' 
fnlnmil in t|m Ihnill hml In pm-i up th" wlml" 
Inripth of thn iiilvnl- npiint Inlm mnl i>.:,n..| ,it 
Mm ti<iii|H'mluiu of tlm • .doilmnlnr mill fi»m 
fruui Wiiti'v mui'hiiiili illy i"iiii.| nvi-r, N|n-< |"l 

1 ICir,/, lllll., \»XV11 Mill. 

* iliin. vtm., hum, wi. ("i t, 

1 Ttil-1 Wmi I'olllllln..t Iiv Mm witli» iMl,.,.) mi if..Ml 

Mil .Mi".! (i'i'i* 4 (I tot " I'iilnrhiulit, Mtltm.h I,.mil 

Oil t tl" t 'lliiliii" nf litjitn “) 

* 1‘hil, Wiiur, "m, 
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attention was given to I ho isliiisiont stirring 
of tho oil in tlio enhirimetor. 

Tho equation for delcnnining the la tent 
heat of evil pi n isa lion may ho put in tho 
following form: 

AIL = (J^+Q A+2ff. 

M being tho mnss of water evaporated, Q 0 
tlio houl per second supplied by tho electric 
ourront, Q, the heat generated by tho atirrer, 
l„ mid t g the times during which heat was 
supplied by theso two 
n Hourcos respectively 

(<„ and l t being practi- 



Ji’lQ. 1. 

enlly equal), mid ih/ f tlio total boat received 
owing to other onuses such as radiation and 
ootid notion. 

Althmigli Q e was necessarily measured in 
ekuitrio units, it was reduced to thermal units 
by employing tho value of J ilolermineil by 
means of M»o sumo method of oluotriu mens- 
uioment ami tho nmno olcotrical standards, 
Thus any errors dun to uncertainty in the 
viiIuoh of the oleetrie units wore eliminated, 
Tlio greatest uncertainty was in tho estimation 
of Q„ but this constituted only about 1 per 
cent of tlio rale of heat supply. Tlio follow¬ 
ing are tho values of L obtuinod : 

'l 'a non II 


T(iin|N'.mtiir» by 

• 


71inniii>inct«r. 

two. Uiill). 

l«o®0. Unit). 

■lo-in 0 1:. 

572-00 

573-51 

30-00° CL 

578.70 

670-25 


'The advantages of this method in 
of tlio others that have been miido,i 
that it is practically independent <)f i 
thermometry and is not affected by 
in the specific heat of wator. .' 

Tho temperature being slntirihnry, 
capacity of tho calorimeter or of i Lh 
does not enter into consideration, 
radiation correction is small and do tor 

Griffiths noticed that his two results ru 
■it)'’ C. lny very nearly on a si,wight lin 
Diotorid’s vnluo 1 at (uncorivctia l 

1880) anil Itcgiuiult’s value at ](H)° (l, w 
scorned to imlicato that ’Diotorioi’s on I 
ftcgimull’s calorio were both cqu 
caloric at If)" (.!. 

To test this assumption (Irifl 
minded Jol’ 
a ilotermii 
the relalin*: 
tho latent 

OOlWldllf* i* 
100° < i 

mean spec 
of water J 
to 100" t!. I 
of the Jo] 
cnlorimotor 
This Jio i 
asH(imln(g 1 1 
at 15“ oipi, 
menu cm 1 1 
tween 12 " f 
obtained t 
530-3 for t 
IicatinsteiK 
as given 
gniuilt. M.oi 
the mean 
until bntw 
and KM)" 
much Hina) 
tho calorie 

or Hegnnnlt’s value was in error. 

Thn result of Cnllendar and Humes’ exjin 
on tlio variation of tlio specific heat of wnt 
years later, proved that the caloric at J O" 
nearly equal 3 to tho mean calorie, ltegnaul 
for the Intent heat is now known (o ho 
Dictorloi’s Inter experiments on the ooimtui 
ioo-calorimeter proved that Iiis value for tl 
heat at 0° was too high. Ho the relation 
Intent heat ami temperature over the run 
1(M) 0 is not a linear one. Griffiths’ value 
and '10° C. are in dose agreement with the tli 
ourvo. 

§ (3) IIunnincTh Expkhtmknts. — J 
adopted tho same method as Girifl 
mensuring tho Iatont heat of steam. 3 
tho apparatus shown in Fig. 2. Tin 
drienl evaporation vessel 0 was nr 
copjior, of about 1 litre capacity. TJ» 
of tlio vessel wore soldered up and i 

1 fil>tl-80 mean calories. 

s Phil. Trans. A, 1002. cxelx, 55-1-18. 

3 Tlio calorio at 16° is very nearly ono 
2000 less than tlio mean caloric. 
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stopper (J used for dosing the vessel. The 
cylinder contained a heating coil J) and a 
platinum resistance thermometer E, which wero 
Loth led through tlio cover and were electric¬ 
ally insulated and steam-proof. The jnokot A 
surrounding the evaporation vessel contained 
about 13 litres of colza oil and was kept by 
electrical heating at about tho boiling-point 
of water. This vapour - jacket, originally 
devised by Bamsay and Miss Marshall, not 
only kept constant tho boat loss of tho 
inner vessel, but also protected the steam 



from condensing on tho way to tho con¬ 
denser. 

Tho steam dovolopcd in 0 was led through 
an olhow-joint J into a li-inni, eoppor tube H, 
which was hard-soldered into tho bottom of 
tho vessel C; tho itmhrciln-liko roof M divortod 
the drops of wator from tho end of tho steam 
pipe. Tho three-way tap F opened to oithor 
condonsor, according ns the Iiandlo 11 of tho 
tap was turned to tho right or loft. By this 
moans tho irregularities which ooourrod at the 
beginning and ond of tho boiling period 
woro oliminnted. Thcso irregularities ap¬ 
peared in tho temperature measurement mul 
woro duo to tho fact that at tho com¬ 
mencement of boiling tho temperature in tho 
water was not completely equalised by tho 
rising steam bubbles, and also because tho 
escaping steam raisod somewhat tho pross- 
uro, and at tho same timo tho boiling-point 
of tho water. At tho oml of tho experiment 


r>r>:t 


the reverse effect took place for tho same 
reason. 

Initially steam was led one way until tho 
healing eurront was stonily and the steam was 
evolved regularly, then tho tap If was turned 
and the steam led through tho second path 
for a certain time, and condensed hi a wide, 
cooling apparatus, whilo tho electrical energy 
dissipated in the heating ounent was observed 
at tho same time. At tho end of tho run tho 
tap was again tinned into tho limb position 
and Hu: heating current interrupted. 

Henning measured the latent heat of stenni 
at six different temperatures between 30" 
and 100“ 0. Ho kept tho temperature con¬ 
stant during the measurement by altering the 
pressure at which tho water boiled. Tim copper 
condenser 1', which was connected by means 
of rubber tubing to the pipes K, was cooled to 
a temperature dependent upon the steam 
pressure of tho boiling water. For this 
purpose water nt room temperature, ioo, or a 
mixture of alcohol and CJ0 3 wero employed. 
Drying-tubes filled with calcium chloride and 
phosphorus pentoxido could ho dispensed with 
when working at atmospheric pressuro. By 
altering tho pressure tho boiling-point could 
he lixed at any desired point ami the tempera¬ 
ture kept at tlio required value by the use of 
u small pump. 

Of the (380 gm. of water with which tho 
vessel was filled 2(10 gm. were evaporated. 
The rale of evaporation could lie raised In 
50 gm. in 15 minutes. It wan found Unit at 
low tempera tures the neon may of (he measure¬ 
ments was not so great, on account of the largo 
sjieoillo vein mo of the vapour; the steam had 
to bo evaporated slowly to unsure that no 
wator was withdrawn, 

In ordor to determine tho heat loss or 
gain from the surroundings, Henning made 
oxjwrimonls with different rates of energy 
supply. 

Tho weight of the condensed steam wuh 
determined by weighing the cundoiiRer: the 
small amount of water remaining in the steam 
pipo K (about 10 mgm.) being absorbed by ft 
small piece of weighted filter-paper. Finally, 
aaootint had to bo taken of the fuel that at tlio 
ond of an experiment more steam was in tho 
vchhoI than ut tlio beginning, because in the 
interval the volume of water hud decreased. 
This small correction amounted at 100“ to 
+ 0-0(3 per cent and at 30° to -i- 0-003 per 
cont. 

JIo obtained values at six points between 
30° and IOO" <J. 

Tho final result is given by the formula 

L=fill 8-8(1-|- 0'f>09d{ 100 » l) 

for the latent heat of water between 30° and 

100 °. 

Thcso results are expressed in terms of the 
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caloric at lo°, which lie tnkoa as equivalent 
to 4-188 joules. 

§ (4) Smith's Enpriumknts. — A. If. Smith 
employed a current of air for the evaporation 
of the water. 

The calorimeter is shown in Fig. 3, and con¬ 
sists of a largo test-tube E, closed at the top 
by a cork. Two glass tubes for tho air current 
passed through this cork, one extending to 
tho bottom of tho test-tnbo, tho other just 
projecting through tho cork. A third tube 
closed at tho bottom, and not shown in tho 
figure, contained the heating coil. This was a 
single lieator from a Nornst lamp provided 
with current and potential leads. Tho coil 
was immersed in paraffin oil so ns to transmit 
tho heat to the surrounding water. 

This lest-tubo cal¬ 
orimeter stood within 
a douhlo - walled 
vacuum! vessel I), tho 
whole being well sur¬ 
rounded with light 
cotton-wool and hold 
in a cardboard box, 
which in turn was sup¬ 
ported in tho middle 
of tho constant tom- 
poratui'o bath F. Tho 
remaining spaoo 
around tho sides, tho 
top, and tho bottom 
of tho chamber was 
also lightly filled with cotton-wool to provont 
convootinn currents. 

Tho onlorimotor was packed and sot in 
position at (oust one day boforo an oxporimont 
could bo performed, so as to obtain constant 
tempo rat lire conditions. Tho wator evaporated 
was oollectod in a woighed pair of tubes 
containing sulphuric aoid. These wore changed 
every two hours and tho increase of weight 
observed. 

A. 


(Results expressed in mean calorics on 
assumption that E.M.F. of Clark coll is 1-43*1 
international volts at 15° 0. and ,7=4-1830 
joules.) 

'or Smith 1 niado some observations at 
' 'laying a very alow rate of evaporo- 
ul the latent boat to bo appreoi- 
"" when tho boiling was rapid. 

- 1011, xxxlll. 181 . 


Number of 
Experiments. 

4 

111 

-1 

2 




Those ho explained on tho assumption t 
steam carried over minute quantities of 

The valuo for the latent heat undo 
conditions was 1140-70 mean calorics 
temperatures of 100° 0. 

§ (15) Comparison of Data for ?~>t 
Callondar 2 lias analysed tho data ol 
by various observers for the latent ! 
steam and conveniently expressed t! 
term 8 of the lolal heat of fit earn 14. 
defined as tho quantity of heat roqui 
to roiso unit mass of wator from 0” C. 
tomporaturo lot tho boiler, and (2) to ovi 
it at that tomporaturo, tho whole «>p 
being performed under a constant prei 
equal to tho saturation pressure at the to 
lure of tho boiler. Tho heat roqui rod - 
second operation is of course tho lat-cu 
of evaporation at saturation prosfcui: 
tomporaturo. 

Itognault had previously oxproHsi 
results bobweon 0 ° and 200 ° 0 . by the 
linear formula 

Total boat 11 = 00041 + 0-30/lf, 
and this was accepted for tho next lift, 
without question. 

It is now known that tho rnlat 
between total heat and tomporaturo 
a linear one, and tho results of later im 
tore have boon collected together by Cal 
who 1ms compared thorn with two for: 
Tho curves computed from tho fot-mu 
shown by solid and dotted linos in Fiff, 

















LATENT HEAT 


555 


formula is adopted for tlio total lioat of the 
liquid. It might bo remarked that Regtin.iiIt 
was well aware that this result was probably 
too low on account of the presoueo of wator 
in tlio steam, and his formula actually gives a 
value 0-3 calorie higher. 

Tho experimental points plotted between 
05° and 85° C. represented tho results of twenty- 
two experiments in four groups, some of which 
nearly rcaeli tlio line, wliilo others lie 5 or 
8 calories below. The mean of all shows 
a defect from tho formula of 2*5 calorics, or 
0-1 per cent, of the total heat at 75° C. 

Combining the mean of these with tho 
observations at 100° 0. wc should obtain a 
rate of increuso of 0-10 in place of 0*30 for the 
total heat between 75° and 100° C., as remarked 
by Griffiths. 

In experiments above 100° C. errors due to 
leakage vitiato Rognault’s observations. For 
ho states that tho effects of leakage became 
very trouhlcsomo when tho pressure was 10 
atmospheres, and tho joints had to bo renewed 
daily. This is the prolmblo explanation of 
tho low point between 150° and 175", and 
Regnault attached no weight to these points in 
solooting his formula. 

Rognault’s values between -2" and 1(1° 0. 
are given in three groups in tho neighbourhood 
of 8° 0. Ilis method of experiment was 
different, and discrepancies of tho order of 
10 calories woro found between successive 
experiments. 

Diotorioi’s two values at 0° G. differ on 
account of tho change in the value of tho 
Bunsen calorimeter constant. Tho old valuo 
shown thus (0) was on tlio assumption of tho 
ioo-calori mo tor constant boing 15*44 milligrams 
of morcury per mean caloric. His direct 
determination of tliiH constant made it 15*50, 
and tho corrected valuo of tho latent heat fulls 
vory nearly on tlio theoretical curve at 0°O. 

Griffiths’ values (:*)) arc in vory satisfactory 
agreomont with tho theoretical ourvo. ' 

Monning’a values (0) are in good ngroomonl 
with tho theoretical curve below 100°, although 
tho two points at 80° and 40° aro appreciably 
highor while that at 100° is slightly lower. 

Henning’s fivo points hotwcon 100° C. and 
180° 0. are connected by tho wavy lino marked 
“ Henning's Table.” 

Tliis ourvo was deduced by a grapliio 
process of smoothing, and according to 
G'allondar docs not represent tho actual 
observations satisfactorily. It is obviously 
inadmissible for theoretical purposes, ns it 
involves a discontinuity in tho ourvo at 
100° 0. Three of tlio five observations aro 
in vory fair agreomont with Callondar’s 
tlioorotioal ourvo, hut tho other two aro 
lower by about 0*5 per cent, which is less than 
tho prolmblo orror of experiment. 

A. W. Smith’s values (@) aro systematically 


higher than both Griffiths’ and Henning's. 
His point at 100° G. was obtained by slow 
evaporation, and is nearly 1 calorie higher 
than Joly’s value. 

Ilo expressed his result in joules por gram, 
assuming tlio K.M.F. of tho Weston cell to 
bn 1-01888 at 20° O. Cnllondnr has reduced 
Smith’s values to tho moan calorie by taking 
tho E.M.l*’. of tlio Weston cell to bo 1*0183 
volts and tho mean caloric to he 4*187 
joules. 

§ (0) Foil mu r. An rou Variation ok Latknt 
Hkat ok St ham with Thmi'KKatimih.—M any 
empirical formulae have been proposed for 
tho representation of (lie variation of latent 
bent of steam with temperature, and of Hieso 
tho moat satisfactory appears to ho that of 

Thioson. 

This expression is based oil tho accepted 
view that tho latent heat must vanish at tlio 
critical tomporaturo (t r ). Ho that L=-L](<„ -- 
wlioro Lj is a constant ropresDiiting the value 
of L when 1. 

Tho index varies slightly for different 
su list an ecs. 

Henning found that he could represent his 
results for water below 100" (!, by a formula 
of this type, but assumed a critical tcinpcratuio 
0" G. ton low. 

Jakob and Davis, in reducing specific limit 
results above KID" 15., employed tho name 
form. 

GnUondill' has recomputed these furmnlue, 
using tho experimentally determined value of 
the critical point, viz. 517*1“ and keeping 
tlio samo index and tho valuo of L at KID” <!. 
given by tho original formulae. Taking the 
logarithmic form fur convenience, .1 limning 
formula reduces to 

Log I,ss 1*0(1055-1- 0*81248 log (374 — i). 
Davis and Jakob formula becomes 

Log L = 1 *0(1303 -1- 0*8100 log (871 - 1), 
assuming L=580*51 at 100° C. 

Gftlloiulnr, basing tho constants of tlio 
formulao on tlio observations of Diolorioi mid 
July for tho Intent heat at 0° and U)()° 0. 
respectively, obtains tho following result; 

Log L = 1*97145-1- 0*31102 log (374 - /). 

Ilo, liowovor, prefers for use in computa¬ 
tions dealing with dry satumted slenm t.lui 
theoretical formula for the total heat il 

II=0*4772T - SCp + 404, 

whoro 8 is tho specific boat at saturation 
pressure j>, T tlio absolute temperature, and 
0 tho Joulo Thomson cooling offoot, i,c. tho 
ratio of tho fall of tomporaturo to the fall of 
pressure in a throttling process at constant 
total heat. 
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A comparison o£ tho flat a obtained 1))’ 
computation from tho formulae is given in 
Table IV. 

Tadi.k IV 


VALiins or L 



(Jnllcmlnr. 


Davis 

Temp. 

Theoretical 

formula. 

Tlilcson 

Type. 

Henning. 

and 

Jakob. 

O’ 

504-3 

50-4-3 

593-7 

504-8 

20 

583-8 

584-2 

583-0 

584-0 

40 

573-2 

573-7 

573-1 

574-0 

50 

5C2-3 

502-7 

502-2 

502-1) 

80 

551-1 

551-3 

550-7 

551-4 

100 

530-3 

530-3 

538-7 

539-3 

120 

52(1-0 

520-7 

520-1 

520-0 

140 

513-0 

513-1 

512-8 

513-2 

ICO 

400-3 

400-3 

41)3-7 

•(08-0 

180 

483-0 

484-2 

483 (1 

483-7 

200 

407-4 

408-1 

407-4 

407-4 


In Fig. 4 tho full lino represents the form of tho 
theoretical formula, while the dotted lino la tho 
Thleson type. Tho latter agrees with tho theoretical 
form within 1 in 1000, intersecting at 100° and again 
at 2(10° U. 

DaviH and Jakob formula agrees with Callondar'B 
within less than 1 in 1000 from 100° to 200°, and 
within 1 in 5000 from 200° to 230 3 , and tho illffuroiioe 
is still very small, at 250* 5 0. 

Cnllcmlar’s formula for tho total heat, which 
applies to dry steam in any state, superheated or 
supersaturated, has boon extrapolated by him to 
2f>0° (!., nit-hough tho direct experimental evidonoo 
(loea nob extend hoyond 180'-’ O. 

It is reasonable, howovor, to supposo that tho 
extrapolated values are suilioiontly aoourato for 
lirnotionl purposes at higher temperatures, beoauso 
I he calculated values of tho saturation pressure (ivhioh 
depend on small differences and afford a very severe 
test of tho theory) also agree with observations to 
within less than 1° C. at 250° O. 

§ (7) Hbat of Vaporisation of Ammonia, 
—Owing to tho extensive use of ammonia in 
rofrigomting plants, a knowledge of its thermal 
constants is of considerable practical import* 
nnco. Tho latent- heat has frequently boon 
calculated by thormodynamio iormulno from 
other properties more easily measured, but a 
numbov of diroot determinations Jiavo also 
Leon made, and the following summary hna 
beon givon by Osborno and Van Duscn: 1 
ltognaull 3 published a record of twelve 
experiments saved from tho ruins of his 
laboratory, destroyed during the siege of 
Paris in 1870. Tho apparatus consisted of 
two calorimeters — tho first, or evaporation 
talari mo tor, in which tho ammonia was allowed 
to ovaporato from a steel container and flow 
through a chamber containing lmfilo-plntes; 
nil tho second, or expansion calorimeter, in 
*' - ‘ from tho first 

115, 1017, 

'xlv, 375. 


calorimeter was allowed to o: 
spheric pressure. Tho un-pn 
ammonia in tho flint ealorimot 
but it was filled with various a 
from 17 to 134 grams in dill'eri 
In each experiment tho ftinn 
plctoly evaporated and all vi 
to atmosphorio pressure. Tit 
in temperature of tho wuloi. 1 in 
meter varied from 1*7“ to 1 
second it was usually tdini 

data obtained in tho first oulor; 
calculated a quantity whi 

required to clinngo l gm. of t 
ammonia at tho initial liv 
pressure to vapour at tho me 
of the experiment and (it n pi 
tho pressure in tho oxpansii 
the first calorimeter. Mo s( 
that it is bettor to combine 11 
two calorimeters, and ho prneoc 
nnothor quantity V, which 
required to ohnngo 1 gm. of i 
ammonia at tho menu toi 
pressui-o to vapour at tho mo 
and at atmosjiherio prossuro. 

Rognaull’s roHultn have 
interpreted by differnnt writei 
putod tho latent boat of vuprni 
observation in the Must ualojinu 
tho partial expansion below Hal. 
which' ooourred thoro. Ah a 
ebtnined 206 calories par gi 
Jacobus 3 computed tho Intent 
isalion from (he observations 
motors niul obtainod an u ir 
onlorios per gram ut 12“ U 
Bomstoin 1 give values from I 
the moan value at 12° O. bolt*, 
per'gram. 

Von Slrombeck 0 used tho 
apparatus ns Rogmuilt and 
twelve experiments a moan 
calories per gram at 18° C. 

]Sslrcinher niul Sc/mctr, 0 aoem 
and Bornstoin, determined the 
tion at the normal boiling-poll 
a value of 321 calorics pur giun 

Franklin and Kraus 7 doteri 
of vaporisation at the norma 
The apparatus consisted of . 
containing a liquid bath ami a gl 
coll, each supplied with it pli 
coil. Tho energy required i 
oortain volumo of liquid 
measured and tho lnnss comj 
volume evaporated, using the 
tho density. Tho menu rest 

a Trans. AK.MJi.. I Kill), xli. HO 1 ! 

4 Wins. Chcm, Tuhr.Ucn, <•(!, 1012 . 

5 Jour. Franklin Inst., 1801, exx 

* Hull, ile I'Ac. dc On wo vie, till 

Chcm. Tahles, 11 ) 12 , 

1 Jour. /Vii/8. Cheat., 1007, xl. 55: 
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|jorimontH was JJ-i-l calorics per gram, 
^computed, using mure recent data for the 
a tMty (0-083), tho menu value becomes 337 
lories per grain. This result is tbc same as 


Tito apparatus 1 consisted of a metal shell 
with a re-entrant tube containing n beating 
eoil and resistance* thermometer; while the 
annular space contained tho liquid ammonia. 


Ta m.u V 


to A ' 1 ' °i’ Vaporisation or Ammonia in OAr.onu:.s 20 r>:n Guam comi'utko nv various Wkitbus and qivkh 

in tumid Ammonia Taui.ks 


Temperature. 

Loilnnx, 

Peabody, 

Wood, 

. 

Molllor, 

1805. 



0 1-’. 

11 C. 

1878. 

1881). 

1881). 

18110. 

tool. 

11)08. 

-- -10 

- 40 

335-2 

332 

322-0 

333 0 

332-7 



— 22 

-- 30 

330-5 

324 

310-0 

321)-1) 

330-0 


324-3 

- 4 

- 20 

325-3 

310 

300-0 

325-8 

327*2 


3170 

-|- 14 

- 10 

3111-7 

308 

303-8 

320-8 

322*3 


30!) 0 

-1- 32 

0 

313-0 

300 

207-0 

314-1) 

310*1 

300-7 

300-4 

-i no 

-1- 10 

307-2 

202 

201-3 

308-0 

308-0 

298-4 

200-1) 

-|- 08 

4- 20 

300-3 

281 

284-8 

300-1 

21)9-0 

285-4 

280-0 

-1- 80 

-1- 30 

21)3-0 

270 

278-4 

201-3 

280-7 

272-2 

209-4 

4-104 

-1- 40 

285-3 

, . 

27 l-l) 

281-0 

278-0 

258-3 

257-4 

-|122 

4 - no 


•• 

205-3 



243-0 

2-14(5 

-1-140 

-1- 00 

, , 

, , 

258-0 



227-n 


-1-200 

-1- 1)3-3 

. , 

, , 

, . 



105-2 


-1-250 

•f 121-1 








-1-270 

•f 132-2 


•• 

•• 


•• 


•• 

Tempo 

rnture. 

u (!. 

If.vbl, 

101), 

Miicliillrc, 

1011. 

l.lieko, 

1012. 

Mosher, 

11)13. 

1 Foist, 
11)15. 

Keyes. 

1010. 

Osborne 

anil 

Vim lUiHen, 
1017. 

- 4ft 

- 40 



335-3 

334-4 

328-5 

3-12-0 

331-7 

— 22 

- 30 

325-2 

327-1) 

328-1 

327*1 

322-5 

33341 

324-B 

- 4 

- 20 

318-2 

320-8 

320-1) 

311)11 

310-0 

324 -1) 

317-0 

d- H 

- 10 

310-7 

313-0 

3131 

311-8 

300-0 

315-7 

3011-0 

d- 32 

0 

302-0 

301-1 

301-0 

303-0 

301-1 

300-0 

301-H 

d- no 

-1 10 

21)3-7 

205-0 

204-8 

205-0 

203-2 

200-0 

203-1 

d- 08 

20 

284-2 

28-1-7 

281-0 

285-1) 

281-1 

285-5 

28.1-8 

d- 80 

1- 30 

274 0 

273-5 

273-5 

270-4 

27-1-8 

274-1 

273-1) 

d-104 

-I- 40 

203-0 

. , 

201-4 

250-2 

20-1-2 

202*7 

201-1 

-1-122 

■ 1 - no 


•• 

248-3 

255-4 


250-2 

2D 1-4 

-1 140 

-1- 00 



234-7 

243-7 


230-8 


-1-2(10 

-I- 1)3-3 

, , 


170-7 

105-3 

. # 

181-1) 


-1-250 

1-121-1 


, , 


127-fi 

. , 



-1270 

-1 132-2 

• ■ 


•• 

01-2 


•• 

•• 


l^tulmix, Annates den Minor, Jlriinolros, 7th mules, 1878, xiv, 205. (Translation by Denton, Jacobus, ami 
rnHunlicrjier. under title ot ICMtutkinn Machines, i). Vun Nostrainl Co. ( 18112), jj. I7!l.) 

M oilier, Xe.it. ires. Killtc Iml, 1805, II. 1)1. 

Wood, Thermodynamics, Ileal Mohrs, and IlefngeraHno Machines, cd. HKK), |i. 400. 

■’Stumor, Tech nitrite, T/irmadiinainil-, 11101, li. 18 (upiicmllx). 

IJIetorlel, 'A tit. ges. H/IIte [nil., 1.01)1, si. 531. Wobsa, Aril. gcs. KilUe l ml., 1008, xv. 11, 

t.*oal)(i(l.v, .S’fiwu tuttl linlrapit Tallies (1009), p. 72. Mnchitlre, Ice auil Hcfrigerntion, 1011, xll. S I. 

t Fybl, 'Atil. get. K/lltc hid., 1011, xvlll. 105. Luckc, Engineering Thet mot!tummies (LI132), it. iMlft, 

Marks, A.S.lUi. Trans., 1012, vlll. 208. 
rj<irsleiUHi8h nml Moshor, Unto, of III. Hull., 1013, Ixvl. 
f Foist, Hull. Assoc. Ini. du Frttid, 1015,11. 

Keyes and Brownlee, Thermodynamic Properties of Ammonia <1010), 1010. 


*-t doduoed by Emnldln and Kraus from tho 
aoluto boiling-point and tho molocmiar 
i vntion by van’t Hoff’s formula. 

Oahonio and Van Husoii redetermined the 
•out heat .of ammonia by an electrical 
itdiod. 


Tho results may bo expressed by tho formula 
L = 137’01 - 2-400(133 - 0) 

ovor tho tomperature range 

-42° to +52° a, 

1 See Fig, 3, "Calorimetry, Klwlrlenl Blelluiils,” §(7). 
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in which tho latent heat in expressed ill joules 
per gram required to convert saturated 
liquid into ■saturated vapour at constant 
temperature. 

If fho latent heat is required in calories 
{20° 0.) per gram, and 1 calorie is assumed 
equal to 4-183 joules, then the expression 
becomes 

L=32-908 ViThT^i- 0-5899(133 - 0). 

§ (8) Heats of Vaporisation of 
Camion Dioxide, Sur/rucR Dioxide, and 
Nitrous Oxiiik. — Mathias 1 determined 
tho latent heats of the above compounds 
by a mothod in which tho tompcraluro 
of tho calorimeter was kept constant, 
and measured the heat absorbed by 
carefully adding concentrated sulphuric 
acid. 

His results for carbon dioxide are of groat o 
in torcst, for they extend from fl-(i»° to31-1(1°, 
or almost to tho critical temperature. Tho 
carbon dioxide contained 0-75 per cent of 
air, which would oauso tho critical lom- 
poiaturo to be rather lower than the truo 
value, 31-:ir.°. Tlio formula doduccd by 
Mathias from his results, 

L= 118-4815(31 -l) 

- 0-4707(31 -£) a , -B l- 

gives L ---0 at 31°. Dtp—1 

So tho oxperi- . j^r ? 

incuts may be ; 

taken to prove the 

bent of vapurisa- i ““ 

tion docs really ! 
become zero at . 

tlu) oritical point. - 

II. Ojonkkatj Methods for j- j 

Latent Heat Dktkrmina- j ~~ Lb? 

thins __ 


§ (11) Oroanio Liquids.— -i tlio Bortlielot ap- 

Tho value of the latent heat is lln ^ *’.V 

n physical constant frequently modifying tho nr- 

required in tho ease of organic ’ rangoment wore 

liquids, and Rognault’s method able to reduce tlio 

is scarcely applicable when tho quantity of two sources of error duo to (1) vapour 
tho material is limited and tho oxpori- passing over before tho liquid aotually 
inont has to ho conducted with reasonable reached tho boiling-point, (2) tho disturb - 
facility. anoo the end of tho experiment, oaused 

(i.) JierUtclol'a Method.—To meet tlieso re- by the removal of tho boiler from the 
quiromonlH Hortbolot devised tho apparatus vioinily of tho calorimeter, for it is assumed 
shown in Fig. f», 3 in Borthelol’a form that tho correction for 

Tho flask containing tho liquid under ox- tho beat given during tho condensation period 
animation is heated by a circular gas burner can ho obtained by observation of tlio rate 
l, burning undor a motallio disc in. Tho of cooling after tho boiler and flame are 
contra of tho flask is traversed by a wide removed. 

i ,} n „r de. Pints. Nov. 1000. 3 Memoir a and Proceedings Manchester JAtmirg 

S l’j-c-iion. Thcoru vj Had, 3rd cd., Fig. 00, p. and Philosophical Society, 1895-00, x.; ibid., 1803-9-J, 
3<15. vil1 - 


tubo TT, through which vapour descends 
into tho calorimeter, where it condenses in 
tho spiral SS and collects in tho reservoir 
R. The calorimeter is placed inside a water- 
jacket, and is protected from tho radiation 
of tho burner by a slab of wood covered 
by a sheet of wire gauze. Hy means of 
this arrangement partial condensation is 
avoided boforo tho vapour enters tlio calori¬ 
meter, and tho error arising from conduction 
is roughly corrected for by observations of 
tho temperature of tho calorimeter before 
tho distillation commences and after it is 
completed. Tho weight of the liquid 
oondonsed is usually about 20 to 30 gin. 
at most, and the time occupied is only 
from two to four minutes. 

lJy this means M. Bortlielot found for 
the latent heat of water tho 

value r>3fi, while the accepted 

- valuo is f>40. Tho close ugreo- 

,J 'l n ment with Itognault’H value 
f. (037) is probably fortuitous, 
since Bortholot’s apparatus 
J j l is not reliable to bettor than 

/ ■ about 3 per cent. 

This form of apparatus has 
Ir. rZ^y tho groat defect that it is 
/ .A almost impossible to avoid 

tho Hiiporheating of 
l tho vapour owing 

Sai AV q by" fea to tho proximity of 

?1 the central tubo to 

tlio flame. Tho 
flame, moreover, 
causes disturhaneos 
I “ »f tho oaloriinotei’ 

Z'J^^^SiL. ' •"'! and tliormomotor 

E *?U- - "Z_J hy its radiation 

~J i - milosH carefully 

R shielded. 

—^.I _| (ii.) liming and 

-- : Marker 3 made a 

--- 1 careful study of 

_L_J_I_J; tlio Bortlielot ap- 

paratus, and by 
“7'™“ MStoxmtktoiud* modify! ng tho ar- 
riw - “• rangoment were 

ablo to redneo the 
two Bources of error due to (1) vapour 
passing over boforo the liquid aotually 
reached tho boiling-point, (2) tho disturb¬ 
ance at tho end of tlio experiment, oaused 
l>y the removal of tho boiler from the 
vioinily of tho calorimeter, for it is assumed 
in Bortholot’s form that tho enrrootion for 
tho beat given during the condensation period 
can ho obtained hy observation of the rate 
of cooling after the boiler and flame are 
removed. 


Mffcg 


!-■> R 
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Their modification is shown in Fig. (i. The 
hoi lor consists of a flask A, through which 
tho tube .150 passes centrally. The upper 
end of 150 is ground conicaliy to fit into a 
hollow cap 1), which is itself attached hy a 
glass rod to tho movuhlo hell E. This boll 
F fits loosely into a rim, which is 
,T' 7|. filled with mercury so as to form 

D —- / ]__ a lute, '[’lie boll and oup may 

q— p? bo thus raised or lowored at will, 

J l so as to open or oloso the valve 

f \ nt through which tho steam 
J passes downwards through OB 

^ S into tho oondonsing worm W. 

B [j= At F a sido tube is connected 
Jp with a condenser, if desirable, 

by means of an indin - rnbbor 
^ tube fitted with a clip. The 

IlSTv tub 0 nk F is kept open during 
i —J tiie preliminary period; it is 

Fro, 0. shut just after 0 is opened, and 
opened again just boforo 0 is 
closed, so that at no poriod docs the internal 
pressuro exceed that of tho atmosphere. The 
end .1.5 of the tube 15(! is ground into the 
upper end of tho oondonsing worm, of which 
tho construction differs slightly from that of 
Durtholot. Tlio steam in tho apparatus entors 
the condensing worm hy the straight portion, 
and not hy tho spiral. They found this altera¬ 
tion necessary as, otherwise, after tho closing 
of the valve, ^ 

tho air entering q 
tho worm tends ^ T„ 

to drive tho eon- JIII 1 J 3 
doused water ^T, 

hank into JiG. \%l) X \ ' D s 

Tho lower \ j---* 

half of A was snr- ’ 1 t . 
rounded hy a pinuo of ] 1 f~ 
copper gauze hound 
on with asbestos 
string. Tlio project- Gn|> 

ing portion of the ? q\ 

tube BO was snr- ( ) 

rounded by asbestos I Q —' J 

and by a leaden 1—2EEE3 El_ 

steam-eoil wrapped _ 

closely around it. 

The boiler was heated by a small ring 
burner, of which tho flame was kopt at a 
constant height from tho momont of lighting 
till it was extinguished. Tho gas was passod 
first through a Moitossior glycerine regulator 
(which maintained tho pressure constant to 
within half a millimetre of water), and then 
through a tap fitted with a long handlo 
moving in front of a graduated oirole. 

Thcso precautions are necessary for accurate 
measurements, as variations in tlio height of 
the flame naturally cause tlio radiation to tho 
calorimeter to vary. They wore ablo to 
regulate tho amount of this radiation at will; 


hut, of courso, too small a flame made the 
determination too slow, while too large a 
flame rendered tlio initial and final corrections 
too high. The calorimotor and its jacket, 
nml tho thermometer, were protected from 
oxeessivo radiation by means of screens of 
asbestos hoard. 

(iii.) Trau tz, J)cchend, and Vogel .—To 
prevent the liquid superheating, Trautz and 
Dochond 1 used an eleotrionlly-hoated wire as 
a “ boiling accelerator ” when they wore 
determining the latent heat of sulphuryl 
chloride. With a similar apparatus Vogel 2 
later measured 'tho latent heat of isopentane 
(boiling-point, 27° to 28°). In order to obtain 
a really constant temperature he did not heat 
U 10 flask dircotly hy a flame, hut placed it in 
a water-bath which was heated by a small 
flumo enclosed in an asbestos box. Tho 
apparatus is shown diagrammaticn 1 ly in Fig, 
7 - A glass spiral .11, which ends in a flask 
0, is connected to the boiling vessel A as 
shown. This flask is connected by a tube 
1) with a volntno of air contained in flasks II 
of 120 litres content. Tho pressure in it is 
measured hy means of a mercury nianomoter. 
In order to provont tho possibly imoondensed 
vapour from the flask 0 reaching IT, a second 
condensation flask with glass spiral is inserted 
in tho circuit and is cooled in a Dewar vossol 
by means of a mixture of carbon dioxide 
snow. This apparatus is especially suitahlo 
for substances such as sulphuryl chloride, 
hoouiiso tlio vapour novel- 

f T 0 comes into contact with 

j rubbor but only with 



glass ; tho moronry manometer measuring tlio 
pressure is also protected from tlio oliomionlly 
notivo vapours by a U-tubo fillod with caustic 
potash. 

Tho oftlorimotor is filled with 1200 c.o. of 
water, in wliieh 15 and 0 arc placed. It is 
built up of three hoakors ; tho two smaller 
beakers wore silvered inside and stood on 
pieces of cork, tho outer beaker stood in a 
box covered outside with tin-foil and filled 
with diatomacoous earth. Tlio woodon lid 
covering tho oalorimotcr was also covorcd 

1 Ze.itir.hr. J. ElektraeJiemie, '.1008, xiv, 275. 

8 ZeUschr.J. phydlad. Ohcmie , 1010, Ixxlll, 4*15. 
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witli tin-foil in onler to reduce tin; radiation. 

A circular opening in the lid, made for the 
passago of the part- 1 ! of the apparatus, was 
ulosttf On ring the experiment by tlireo layers 
of canlboard covered with tin-foil, which wero 
separated from each other by insulating layers 
of air, and only contained the necessary 
openings for connecting tubes, thermometer, 
and stirrer. The stirrer consisted of two ring- 
shaped brass plates cut out obliquely in the 
form of an H. Tho rings, 6 cm. apart, wero 
soldered to two wires, which, in order to 
obtain bettor the mini insulation, wore con¬ 
nected above to two pieces of glass tubing 
cemented together. The space between the 
spiral and the wall of the honker was almost 
entirely occupied by the stirrer, before an 
experiment the desired pressure was obtained 
in tho artificial atmosphere by means of an 
air pump. 

Tho amount of heat measured in tho calori¬ 
meter Q is made up of the latent boat and 
the heat which tho liquid gives oft while 
it is cooling from its boiling-point f, down 
to tho temperature If W is tho amount 
of vapour, L its latent heat,and c tho average 
speoilio heat of the fluid in tho region of 
temperatures f, tu t 2 , thou 

Q»Wfj+Wc(<|-<i)i 

and tho latent heat of the fluid, 

L=?-«u,-y. 

The fipeoifiu heat of the fluid must, there¬ 
fore, bo known in order to obtain tho latent 
heat. 

(iv.) Ramsay and Marshall . 1 —-Sir William 
Ramsay and Mi™ D- Marshall employed an 
exceedingly simple and convenient apparatus 
for tho determination of the heat of evapora¬ 
tion of different liquids at their boiling-points. 
The apparatus consisted essentially of a glass 
built with a heating coil inside. Tills was 
Hummmled with a jacket of tho vapour of 
the liquid at tho boiling-point. The heat 
necessary for evaporation was supplied olco- 
fcrioaily, tho quantity evaporated being 
determined by tho loss of tho weight of tho 
liquid from tho bulb. In their experiments 
they employed a duplicate set of apparatus 
connected in aeries, and obtained the latent 
boat ns a ratio from tho known valuo of the 
one substance taken ns standard. This 
method is such that tho procedure enabled 
the experiment to lie carried out without an 
exact knowledge of the values of tho oleotrioal 
units, except so far ns it was necessary to 
root for tho unequal resistance coils in tho 
two vessels. In using tho inothocl at the 

1 Phil. Man., 1800, xll. 38. 


present day it would probably ho preferable 
to employ n single unit urnl determine the 
energy generated in tho heating coil with 
precision olcctnonl instruments. One ad¬ 
vantage of the-method is that no correction is 
necessary for hunt loss. 

Tho apparatus is shown dingrnmmulioally in 
Fiy. 8. Tho bulb bad ft lino spiral platinum 
wire, tho ends of which wero attached to stout 
platinum terminals sealed into the glass; the 
terminals wore gilded and amalgamated. Tho 
upper end of each bulb was drawn out into a 
rather narrow open tube through which the 
liquid could bo introduced, ami which could he 
closed to prevent loss during weighing. This 
bulb was set up in tin ordinary vapour jacketing 
arrangement provided 
with side bulb and 
comlonsor. Tho jacket 
was closed at tho 
bottom by an india- 
rubber cork through 
which passed two 
U-tubos ooiitnining 
moroury. Tho ter¬ 
minals of tlu> heating 
coil rested on the inner 
ends; into the outer 
ends dipped tho wires 
carrying the currant. 

Tho cork was pm! eotod 
by a layer of moroury 
so that it could not 
como into««>ntuc t \v i tl i 
tho liquid. ISiuth lump 
was jacketed by a 
vapour of its own 
liquid bo that tho 
lomporaturo of its eon- I ,- ki. 8 , 

touts could bo raised 

to tho boiling-point without ebullition taking 
place until the current was switched on. 
In performing an experiment the liquid in 
tho sido bulb of tho jacket was first caused to 
boil, and tho current was not switched on 
until tho contents of the lamp wore judged to 
liftvo reached tho temperature of tho condensing 
vapour. If this were so the liquid would pass 
into tranquil ebullition tho moment tho oirouit 
was operated. It was generally found advis¬ 
able to drop into tho lamp a little glass 
capillary tube to provide a starting point for 
boiling, ns most of tho liquids showod a groat 
tondonoy to bo Hiiporhoatcd and bump. A 
small correction was necessary for the loss of 
liquid before tho boiling-point was renohed, 
and this was determined by separate experi¬ 
ments. 

Tho original intention was to use water 
as tho standard of comparison, but so 
many pmotioal difficulties arose in con¬ 
nection with this that it was decided to 
adopt bonzono. 
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§ (10) Lathnt Heat or Evaporation 
ov Uenkkne. —To obtain absolute valuo 
v. ,°, n ; to,lt ll<!flfc <,f henzono Griffiths and 
AlnrsImH employed the apparatus shown in 

The procedure was exactly the same as 
Unit adopted m the case of water ami the 
/oliowing values wore obtained : 


It was shown by Despretz in 1823« that 
sonic relationship of the form given above by 

le ,-’ and lfttci ‘ Pictet < 18 ™>. Hainsay 
tio77), rediscovered it indepeiulontly, but 
it is now gonomlly referred to as Trouton’s 

1881 a t l01lg l lus I*P« °»>y appeared in 

Taw, is VII 


Taiu.ii vr 

Temperature 
(Nitrogen Scale). 

f,a tent of Tlenzenc 
(Unlt=calorle at 10° 0.). 

50° 

0(1-14 

40 

100-71 

30 

102-30 

20 

103-82 


. uumuiy Wien OHO 

linear formula 

L = 107-05-0-158/. 

Assuming this formula to hold up to 80-2° 0 
tho boiling-point of the Ixmzono ul atmospheric 
pressure, wo get as tho latent heat of vaporisa- 
tion of ben/.eno at its boiling-point 

L =-*04-34, 

?*l u ™ 8l ± iM f 0 ™ 18 ,,f 11,0 thermal unite at 
15 U .Lins does nob differ very mnoh from 
tho direct determinations of R, fjohilT 3 (03-1) 
and K. Wirt/, 3 (02-0), using the Rertholot 
typo apparatiiH. 

§ (11) Discussion ok Latent Heat Data, 1 
Numormis attempts have been made to 
connect the value of the latent heat of a 
mihstunoo with its other physical properties, 

\i.) I rmUon. The best - known generalisa¬ 
tion is that of Trouton, 6 which states that 
ML 

,jv = constant, 

wlicni L is the Intent heat, M is tho moleoular weight, 

I the absolute temperature. 

This law is truo for inoinbov.' of tho samo 
aliomtoal group suoli us the hydrocarbons, 
Jta, but is not true for widely difforont 
HibatiuujoH, i\h Tablo VII, nIiowh. 

.Lbe law also applies to metals and inorgnnio 
mbstanecs with a diiloront constant, a fow 
/nines of which for ropresontativo groups 
a givon below: 


Benzene . , 

Toluene . . 

Motuxylono 
Water . , . 

Aloohol. , .• 

Acetio aoid. , 

Methyl forma Id 
E thyl formate. 
Methyl acetate 
1‘ropyl formate 
Kthyl acetate . 
Methyl propionate 
Propyl acotato 
Ethyl proploimto 
Afothyl butyrate 
Methyl isokutyrat 
Mothyl nlcoliol 
tformlo nuid . 
Chloroform 
Aniline. . . 


Coms-Hon 



Hg, Ul, 'An, Bt * 
l\ m B1 CO*. 11*8, t'8 a 
8 , fcliCI.,, 1 I|{ 

Bi'g, HI . . . 

NIL . . 


10'.'!() to 20-20 
21-2 to 21-4 
21-0 to 22-0 
23-0 
230 


* Vail Aubcl, Uompl, rend,, 1013, clvi, 400. 

1 Wh ,80 °. xll. L 

hieliiu n Anixilen, 1880, coxxxlv, 338, 

] IPn-d. Aim., 1800, xl. 438, 
hen also Slaiehiomelw, by St 


mas, (freon, 1018). 

* PAtf. Mag. xvlil, 04. 

vor„ i 


Sldnoy Young (I,ong- 


evanomlhi,; of tKpihl the 

(ii.) Mills.—In nmro rccont years tlu> theory 
has been developed a slop further by J. R, 
Mills, who lias deduced tho expression 

_L-E l 

4C-^ =co,,8tonl > 

whero T<«=> latent heat of vaporisa (Ion, 

E^hea't equivalent of external work. 

Honco L—M, in tho internal boat of vaporisation. 
Pi mill p v aro tho densities ef liquid mid Baluralcd 
vapour respectively. 

Hie formula in based on tho following assumptions i 

(1) Tho moleonles aro evenly distributed. 

(2) Tho mmihor of molecules does not chango 
during vaporisation, 

(3) No energy expended in in Ira - molecular 
work. 

(4) Tho forco of ntlmotion docs not vary wi ’• 
tempemture. 

(5) Tho moleoular alt motion varies inversely a.i 
the square of tho distance!. 

In connection with assumption (/>) Mills points 
out that if the other assumptions are correct tho fifth 
follows. . 

! mV.'’ >823, xxiv. 323. 

l’htl. Hoc, Glasgow. 

J’ty -?*?»■'> 0(>2 j vl - 200 ! hmm, viii, 
nmi 60 ‘ : 1B E r '' lx - ' 10 r; > 0<)0 - x. 1 ; ef. Appleby 
n I Chapnian rnms. Ghem. Hoc., 1014, cv. 734 ; 
Sutton, Phti. Mag., 1010, xxlx, 503. 
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convert unit mass of the solid at the 
melting-point into liquid at the same tom- 
poraturo. 

A variety of methods have been devised 
to determine this physical constant, tho 
substanco usually studied being ice. 

§(13) Heat or Fusion or Ion.— Black, 
in 1702, made a rough measurement and 
obtained tho value 70-7 calories, and to him 
ia also duo the credit of first drawing a 
clear distinction between specific and latent 
heat. 

In 1780 Lavoisier and Laplace made Homo 
experiments in which they determined tho 
amount of ico melted by a known weight of 
wator cooling throng)) a known interval of 
tomporaturo. Tho heated water was enclosed 
in a thin metal sphere, and it required sixteen 
hours for tho sphoro and its contents to roach 
equilibrium temperature with tho ico on immer¬ 
sion in tho calorimeter. 

Although tho method of oxporimont was 
obviously unsatisfactory, tho valuo they gnvo 
—70 calories per gram of ieo molted—was 
accepted for the next sixty years. 

§ (14) Determinations uy “ Method of 
Mixtures.” (i.) Ley vault, in 
1842, applied tho “ method 
of mixtures ” to tho problem, 
His first experiments were 
made with snow cooled 
slightly below 0°. Tho snow 
was immersed in tho calori¬ 
meter and tho change of 
tomporaturo of tho wator 
obsorvod. Tho valuo 70-2 
calories was obtained for tho 
latent heat. Othor oxporimonts 
with small blocks of ieo gavo 
70*015 calorics. 

Tho following year La Pro- 
vostayo and Doan ins 1 published 
an account of their experi¬ 
ments by a similar method, and 
gave tho valuo 70*01 calorics, 
Although considorablo earn was 
taken to oliminato tho usual 
sou rocs of orror in calorimotrio 
work it is not quite certain 
that Rufiloiont enro was tnkon 
to romovo all traces of moisture 
adhering to tho ico boforo 
immorsion in tho oalori motor. 
Tlioir valuo is undoubtedly too 
low. 

(ii.) Ileus, in 1848, omployed 
the samo method, but cooled 
tho ieo sovoral degrees below 
0 U C, to onsiiro tho absence of 
adhering moisture. This pro- 
ill. Latent Heat of Fusion coduro necessitated a determination of tho 

Tho latent heat of fusion of any substanco 8 PCoilic lieat of 100 . 
do lined us tho quantity of heat required to » Ann. tie Ghimie, 3", 1843, vlll. 5, 


Taulk vrn 


Observer. 

Method. 

Kefcrenco. 

Wirta .... 

.Toly b team oaloii- 
motcT 

1 Vied. Ann., 1800, xl. 438 

Weh n ell and 

KUtolrionl method 

Dculsch. Pht/e. Gescll., 

Muficcloaiiu 

Hiiitaldo for high 
tempera Lures 

1012, xiv. 1032 

.Tulin .... 

Jco-cnlorlinotcr 

Xc.it. phyaik. Ghent,, 1803, 
xl. 788 

Jflo briber and 
Tytw . . . 

ICleelricul methoil 

Trims, Oh cm. Hoc., 1013, 
eiii. f» 17 

Kohlenberg . . 

Klcolrioally healed 
phi tin ii m wiro 

.Journ. Pht/s. G'hcm., 1001, 
v. 21/5, 284 

Khcnrcr . . . 

it 

Phys. ltcv., 1003, xvli. 
4150 

,T. (J. llrowu . . 

it 

Trans. Ghent. Hoc., 1003, 
Ixxxiii. 087 

listroioher. , . 


Zc.il. physik. Ghent., 1004, 
xlix. 007; Acad. Hci. 
Cracavia Hull., 1010, 
vii.A 345 

Dewar 

Metallic spheres 
of known heal 
capacity dropped 
into liquollod 
gases: volume of 
gas mensural 

Ghent. Lews, 1805, Ixxi. 
102 

Holm .... 

” 

Dr tide's Ann., 1000, i. 
270 


Mills, in testing the formula, obtained values 
of L over a wide range of temjxjraturo by 
calculation from Ulo fhormodynamio equation 

where !,.=>In-lent ln*nt, 

T=l-lio absolute 1cm] torn luro, 
ilp/dl— l-ho rate of increase of vapour 
pressure per degree. 

V v and V,. = volumes of saturated vapour and 
liquid. 

Of 31 substances examined, 8 gavo abnormal 
results. The measurements in tho case of 3 
worn not altogether satisfactory, while tho 
remaining ft exceptions (water, 3 alcohols, and 
noetic acid) wore abnormal in sovoral of their 
physical properties. 

From tho remaining 23 substances it was 
possible to calculate 378 values of tho constant. 
Mills found that tho mean valuo was within 
2 per (utnt for 349 oases, and 29 eases of 
divergencies were possibly duo to errors of 
measurement. 

§ (12) iSum.BM ENTAUV REFERENCES TO 
Latent Heat Determinations. 
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Tlio valuo obtained for Uio latent bout 
of fusion was 80-3 calories. Two years Inter 
Person 1 obtained the value 80-0 calories by a 
similar method. 

(iii.) Jiagajawhnski/* in 1901, employed 
mercury as calorimetric medium. Tho results 
of (i experiments range from 79-41 to 7 <).{)f 
with a mean value of 71)411. 

Ho also determined the specifio heat of 
ice. over tlio range from - 85° Q. to - 5-5° 0. 
This constant was required for tlio rcduetioii 
of the results of tho latent heat experiments 
in which tho range of temperature of tho ieo 
was from - 10“ to 0°. The value obtained for 
tho specific heat of ieo was 0-52. 

(iv.) Dickinson, Harper, ami Osborne 3 em¬ 
ployed both the ‘'method of mixtures” and 
an electrical method. 

Samples of ice woro prepared in the form 
of hollow cylinders ami were cooled to a 
uniform temperature of cither -0-72° oi 
-3-78°. 

Experiments on 92 samples of ieo did 
not indicate any variation in the latent 
heat with tlio mode of preparation of the 
sample. 

Observations on ice contaminated with 
a mixture of ammonia, sodium chloride, and 
enloium olilorklo to the extent of about 
1 part in 1000 gave results about 1-4 per cent 
lower than for pure ieo. 

Tho mean of 21 determinations of pure ieo 
gave tlio value 70-03 oalorios for tlio latent 
boat. 

§ (15) D.KTKK MI NATIONS BY M IOANN OF Til 10 
Ion- u a i.oiu mktjo a,—In 1870.Bunsen devised tho 
ice-calorimeter which hears his name. Know* 
ing tho change in volume oil tho molting of 
a known quantity of ico, tlio latent boat of 
fusion may ho determined by experiments 
with the loo-oalorimotor as shown by Munson. 
Ho observed tho woight of mercury drawn in 
wlion wntor at tlio boiling-point was dropped 
into tho innor tube. 

Bunsen found tho valuo 80-0215 for tho 
latent heat (sco article on " Calorimetry, 
-Methods based on the Change of State/' 

S (^))» 

Both 1 has assembled the results of a number 
of determinations of tho density of ieo and 
doduood a value to use in calculating tlio boat 
of fusion from the data of Bohn® and of 
JJiotorioi, 0 both of whom used tlio Bunson ico- 
onlorimotor. 

iho density dotorininations reviewed nro 
ns follows s 


Taiilk IX 


r - 

j Observer. 

Jtefemit*. 

Density. 

Bunsen . J 
Znkrzovski j 
Leduo. . ! 

Niohols . 

Bnrnes 
Viucc-nt . 

Abh, iii, -175 (nor- 
recled vidnn) 

Atm. de.r Phys., 1802, 
(3), xlvii. 155 

Coinpl. rend., 100(1, exlii. 
148 

Phys. llcv.. 1800, viii. 21 
Phys. lieu., 1001, xiij. 55i! 
Phys. llcv., 1002, XV. 121) J 

j 04)168 
) '1)1(158 

} '[117(1 

f 4)1(103 (n 

1 -01795 

•nmii) 

-01(50 


\ Ohimia, 8°, 1850, xxx. 73. 

1004 xor ' kr I)omler Kutiirjorsehcr (kstUschafi, 

of vSimXtl )- m ' 10 J8, (Conta1 " 8R8,im,nnr y 

! Cficm,, 1008, Ixlll. -Ml. 

, ft 1 . 1 }- ">05, <•'>> xvl. 0fi3. 

' vl, 100D, it, 503. 


lie stales tlio mean, excluding Nichols’ 
values, to he 0-9107, hut uses Bunsen's 
corrooted value 0-9108, on the assumption 
that the conditions of producing tlio ico 
used in that density determination worn 
nearly tins same as those under which tlio 
ice-calorimeter is generally used. 

Applying this value to IJofm v s data Both 
obliiiiiH for heat of fusion of ice 79(59 oftl.iy, 
similarly for Dioteriei’s data 7941U eal.tr,*. 

§ (HI) ErvBOTimjAr.MioTiiona.— A. W. Smith , 7 

in 11)93, applied tho electrical. mothod to tlio 
problem. 

The method employed by Smith may bo 
desorihed briefly as follows: Tho ice'was 
broken into small pieces, and onohjri several 
(legreos below zero, It was transferred to a 
calorimeter, containing light oil, also coaled 
holow 0 (,. In, ealorimotor was then warmed 
slowly by a feeble electric oiimuit until Mm 
temperature was about i“ O. bdow mu A 
Inrgor owritint was thon applied for a suHi- 
oiont time to molt the ieo, and raise the resulting 
water to half a dogreo above zero. Tiro 
olootrio onorgy find then been oxponded in 
raising the tompcmluro of the ieo and tho 
calorimeter from -1° 0. to 0*0., in molting 
the ieo, and in raising tho wator and oalori- 
moter to 0-5° 0. In addition soma boat was 
lost by radiation, conduction, and convection. 
By suitablo arrangements of tlio experi¬ 
mental conditions all of these quantities woro 
determined. 

§(17) Bnsw.ts of Experiments. —Tho 
results obtained by various observem for the 
latent lioat of fusion of ico nro Humillurisod 

xn Tftblo X. 

§ (18) Vaimation of Latent Heat of 
Fusion with Thmi’eratukh.—F orson onion - 
latcd that tho lieatof fusion of a body is smaller 
tho lowo.r tlio lompomturo becomes. Fetter- 
son verified ibis in tho case of ico, and found 
that for 1° C. lowering of tho moHing-point 
of ieo the bent of fusion was dooronsed by 
0-/>9 oalorio as against 0-fi predicted by tho 
theory. At - 0-5° C. observation gave n valuo 
of 70-0 calories. 


’ Pliys. llcv., Oct. 1003, No. i, xvil. 
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Nil Ull\ 

llnto. 

[experiment*. 

Tempo rat nr« 
H;tngn of 
Water. 

Heat 

FiiBlon. 

Rlaok .... 

171.(2 

2 

80- 0 


70-7 

Kcgimult . 

1812 

4 

10- 7 


79-24 

Kcgimult- . 
I'rovimlayo iuuI 

1813 

13 

22-11 


79-00 

Dosnimi . . 

1843 

17 

2-1-10 


79-1 

Hess .... 

1848 

•10 

10-7 


80-34 

I Vraon .... 

18150 

0 

10- 5 


80 0 

[f UllHCll. 

1870 

2 

100- 0 


80-02 

Smith .... 

inn:! 

■ { 

Electrical 

method 

1 

./ 

70-59* 

Hogojuwlnimky 

Holm (onlo. Iiv Roth) 

mot 

11)015 

G 

Moroury 

79-G1 

70-09 

Diotorici ( „ ,, ) 
Dickinson, Harper, 

11)1)3 


•• 


79-GO 

ami Osborne 

11)13 

21 

Electrical 


70'((3f 


* Itwiutoiilntnri >»y Dickinson. lliupcr, and Oaliorno to tlvo 15° caloric 
mu! ( lio hi'h in mass. 

t Calories nt L0' J pur prnm muss. u- 


Latmnt Mkat, Dnthrmi nation ok. Sco 

“ Latent Iloat.” 

Rortholot’s Method. § (9) (i.). 

Hartog and Harbor's Method. § (9) (ii.). 
Ramsay and Marshall's Method. § (9) (iv.). 
Trailtz, Reohetul, and Vogol’s Motliod. 

§(!» (Hi.). 

.By different obsorvors nob roforred to in the 
text, tabulated rcforoiicos to. § (12), 
Table VIII. 

Latent Hkat ok V Aroint. Soo “ Thermo¬ 
dynamics,” § (29). 

Latkiiat. Strains—Apparatus kor Mkasiir- 
ink. See “ Elastic Constants, Dofcoiinina- 
tion of," § (f>7). 

Lijai), Atomic IIbat ok, at low temperatures, 
Nornst's values for, tabulated. >Seo “ Calori- 
inotry, Electrical Methods of,” § (11), 
Table VI. 

LlfiAli, Si'KCiKm If mat ok, at various tompora- 
tui'OH, tabu Idl ed, with the Atoniio Hoftt. 
Hue " Calorimetry, Hlootrioal MothodH of,” 
§ (10), Tnblo V. 

LRAII.H, Co.Ml'KNSATfNC, IN TlIBRMO-HI.KOTHIO 
PvitoMiCTBli: load wires of tho sumo 

materials as tboso oinployod in the thermo¬ 
couple. Heo 11 TfiorinoGouplcs,” § (20). 

Lbaht Action, PuinoiI’MI of. If tho total 
energy of a system of liodies in motion 
remains oonsbalifc, tho sum of the products of 
tlio masses, tho velocities, and tho spaces 
dosorihud is a minimum. Thus Zmjv . <h is 
a minimum. 

Ljjnojr Gas Enotnk. Soo " Engines, Thermo¬ 
dynamics of Internal Combustion," (§32)(i.). 

Likts, lIviuiAur.ic. See “ Hydraulics,” § (C8). 

Limb, Gmnmhai, Mkcitanioai. Fiuh’brtims ok. 
Sco “ Elastic Constants, Dotorminntion of,” 
§ (lfi'l). 


LIQUEFACTION OF GASES 

An important part of the 
science of Refrigeration (q.v.) 
deals with mothods of pro¬ 
ducing cold so extreme as to 
liquefy air and other so-called 
permanent gases. Thin, apart 
from ita application to purposes 
of research, is now tho basis of 
a considerable industry, which 
employs tho liquefaction of air 
as a step towards tho separa¬ 
tion of its constituents, with 
tho object of making com¬ 
mercial uso of tho oxygon nr 
tho nitrogen or both. To 
liquefy any puro gas tho gas 
must bo cooled bolow ita critical 
temperature, 1 which for oxygon 
moans a cooling bolow - 118° C. 
mid for nitrogen a cooling below 
- 140° C. Temperatures much 
lower than this havo boon roaoheil by tho 
mothods horeaftor described. Hydrogen, 
whoso oritical tompomturo is -2115“ 0., has 
not only boon liquefied (first by Dowar in 1.898) 
but solidified; its melting-point unclor atmo- 
spliorio pressure is about - 208° C. or 15° abso¬ 
lute. Evon helium, tho most refractory of all 
known gases, has been liquefied (first by Onnes 
in 1908) undor conditions that lowered tho 
temperature to within three or four degrees 
of tho absolute zero, Its critical tompomturo 
is -208" C. Thoao romarkablo achievements 
bcoamo possiblo through tho invention by 
Dewar in 180.1 of tho Vacuum Vessel, which 
sooures thermal insulation by tho use of two 
glass walls with a very porfeotly exhausted 
spaoo hotweon thorn. On tho innov mirfaco 
of the outer wall Dowar deposits a film of 
morcury, which greatly reduces the ontry of 
heat by radiation. In snob vossols liquid gases 
may ho dccaiitod and handled with case, 
carried about from placo to place, and ovon 
stored for short poriods with no more than a 
modorato loss by evaporation. 

§ (1) RkQDNEUATIVH Coor.TNG.—Ono way 
of renohing a vory low temperature, originally 
usod by l’iotob and called tho " casoado" 
inothod, which has done valuablo sorvico in 
tho hands of Dowar, is to havo a series of 
vapour-com pression rofrigorating machines 
so connected that tho working substanco 
in ono, when cooled by its own evapora¬ 
tion, acts as tho circulating fluid to cool 
tho condonsor of tho noxt innohino of tho 
series, and so on. Different working fluids 
are seleotod for tho successive machines, so 
that each in turn roaches a lower tompora- 
turo than its predecessor. Tho working fluid 
in any ono machine is evaporated at a tom- 
1 Sco article " Thermodynamics,” § (37), 
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pcmturo which is lower tliim the critical 
tomporaturc of the fluid that is used in tlio 
next machine of the sories. Each machine 
has its compressing pump, condenser, und 
expansion-valve. Thus the first machine may 
use, say, carbonic acid, lotting it evaporate nt 
ii temperature of -80° 0. or so. Tlio noxt 
machine may use ethylene, condensing it in 
thermal contact with tlio ovaporuting carbonic 
neid, and lotting it evaporate at about - 130° 0. 
T'liis in turn will servo for tlio condensation 
of such a gas ns oxygon aftor moderate 
compression in a third machine. 

But it is in a different way that tlio com¬ 
mercial liquefaction of air and other gases 
is actually earned out. The usual process is 
a regenerative one, first successfully developed 
by Linde, in which the Joulc-Thomson olYect 
of irreversible expansion in passing a con- 
strioted oi'ifico {see “ Thermodynamics,” § (CO)) 
serves as the stop-down in tomporuturo, and 
a cumulative cooling is produced hy causing 
tho gas which 1ms suffered tliis step-down to 
tulie up heat in a thermal interchanger from 
another portion of gas that is on its way to 
tho orifice. Tho gas to ho liquefied is itself 
tho working substance. 

Imagine a gas such us air to buvo boon 
compressed to a high pressure J’ A , and to 
have had tho heat dovolopcd by compression 
removed by circulating water or other means, 
so that its temperature is that of the surround- 
ings. Call this initial temperature 'J\. JAt 
tho compressed gas at that temperature enter 
nil apparatus in which it expands irrovorsibly 
(through an expansion-valvo or jiorous plug 
or constricted orifice of any kind) to a much 
lower pressure I’j,, at which pressure it leaves 
tlio apparatus. If tho gns woro an ideal porfeot 
gas this irreversible expansion would cause 
no fall in temperature. 

In a real gas tlioro is 
in general a fall from 
Tj. to Homo lower tom- 
poraturo 'I". '.I’ho fall 
T, - T' measures tlio 
Joulo-TIumison cool¬ 
ing effect for tho given 
drop in pressuro. In 
Joulo and Thomson’s 

experiments on air it was about a quarter of a 
degree for each atmosphoro of drop in pressuro. 

The cooling oft’eot of the drop in pressuro 
may ho measured by tlio quantity of boat 
which would have to ho supplied to tho gns, 
per unit of mass, after expansion, to restore 
it to tho tomporaturo at which it ontored tlio 
apparatus. Call that quantity Q : thon 

Q-K^T.-T'), 

whoro K,, is tho moan specific beat of the gas 
at tho lower pressure l’n bo tween these 
tomporaturcs. 
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Wo may doflne Q ns tho quantity of beat 
which each unit quantity of the gas would 
have to take up within tho apparatus if ils 
temperature on leaving tho apparatus woro 
made equal to its temperature on entry. It 
measures tho available cooling clFcet due to 
each unit quantity of gns that passes through 
the apparatus. 

Suppose now that thcro is a counter-current 
interchanger by means of which tho stream 
of gns which has passed tho orifice takes up 
heat from tho stream that in on its way to 
tho orifice, with the result that the outgoing 
stream, bofoiv it escapes, linn its tempomtui o 
restored to 'L\ or very near it. This is easily 
accomplished by having, within tho apparatus, 
a long approach pipe or worm through which 
tlio compressed gns passes before it reaches 
tho orifice, and round tho ontsirio of which 
tho expanded gas passes away, so that there 
is intimate tlionnal connection between tlio 
two streams. For simplicity wo may ussnnio 
the interchange!- to not so porfoetly that when 
the outgoing gns readies the exit it has 
acquired tho sumo tomporaturo T, ns tho 
on tori ng gas. Each unit of it will therefore 
hnvo taken up a quantity of heat equal to Q 
as defined above. 

Under those conditions tho apparatus will 
steadily lose hunt at tlio rate of Q units for 
every unit quantity of gns that passes through. 

If wo supposo the apparatus as a whole to ho 
thermally insulated against leakage of heat 1 
into it from ontsido, there will iioimm|tuMitly 
he a continuous reduction of tlio stock of 
heat that is hold by tlio pipes and the gas in 
thorn. Tho result is a progressive cooling 
which constitutes the first stage of tho notion. 

It may help to make tho matter dear if wo 
draw up an Account of tho enorgy roooived 


and discharged by tho apparatus. Gas enters 

at A (Fig, 1) under tho pressure I» A and at 

the tomporaturo T,. Gas leaves tho apparatus 

at B under tho pressure l* n and at tho same 

tomporaturo T„ having 

tlio action of tho inter 

of heat cquul to Q. Th 

orifice are not shown in 

within the enclosing c 

to bo a porfeot 11011 -con 

the first stage of tho 

(which is used nt a L 

off tlio liquefied gns) is oiusuu, aim an mo gas 
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that has gono in at A goes out at .15 ; it is 
only by tho on tty of gas at A and by its escape 
at H that energy on tors or leaves tho apparatus. 

Each unit of on tori ag gas eoatains a quantity 
of internal energy 10 a, and the work tliat is 
clone upon it as it goes in is P A V A . Each 
unit of outgoing gas eontains a quantity of 
internal Cinergy E», and does work, against 
external pressure, equal to PjjVu. Hence, 
for onoh lb. that flows through, the not amount 
of heat which tho apparatus loses is 

Eu+ 1’nVa - (E,\ H- IWa). or I„ - I A . 

But the amount so lost is Q, namely tho lieat 
that is required to restore tho gas to the 
temperature at which it makes its exit, 
lienee for euoh unit quantity of gas that 
passes through the apparatus, 

Q-r.. -i A . 

Tho contents of the apparatus bocomo 
colder and colder in consequonoo of this 


continued abstraction of heat. .But it should 
1 m noticed tliat their fall in temperature docs 
not affect tho value of Q. Wo iiHsumo that 
the action of tho thermal intorohangor oon- 
tinuoH to he jiorfeet j in that case tlio oxit 
teinpoml.ilre will still he equal to tho initial 
temperature T, howovor cold tho intorior 
boooniOH in the neighhcmrliood of tho expansion 
ot'Kieo, There will ho no olinngo in tho valuo 
p either In or ,t A , anil consequently no 
iangn in (J, Tho value of (J, ns tho ahcivo 
iprosslon shows, depends entirely on tho 
auditions at A and at Bj with perfect 
interchange this moans that it doponds only 
mi I\i, Bn, and T,. It is independent of any 
temperature conditions within tho apparatus, 
mid therefore remains unaltered an tho notion 
proceeds. 

This stage of progressive) cooling continues 
until tho tomporaturo of tho gas at tho placo 
whoro it is ooldost, nnmoly on tho low-pressure 


side of the oxpansian-valvo, falls not only 
below the critical point, hut to a value T„ 
which is low enough to let the gas begin to 
liquefy under the pressure I’ B . In other 
words, T s is the boiling-point corresponding 
to Bn. This is tho lowest temperature) that 
is reached. 

A continuous gradient of temperature has 
now bocomo established along the ffmv-pipo 
within tho apparatus from the point of 
entrance, where it is T,, to tho high-pressure 
side of the expansion valve, whoro it exceeds 
T a by the amount of the Joulc-Thomsnn drop. 
There is also a continuous gradient along tho 
return pipe from T a , on (lie low-pressure sido 
of tho valve, to T\ at the oxit. The flow and 
return streams are in dose thermal contact, 
anil at each point there is an excess of tem¬ 
perature in tho flow which allows heat to 
pass by conduction into tho return, except at 
the entrance, whoro, under the ideal condition 
which wo havo postulated of perfect inter¬ 
change, the tomporatiiro 
of both How and re¬ 
turn is Tj. 

This stftto of things is 
diagrammatical ly repre¬ 
sented in Fvjs. ‘i and 2a. 
Thoro tho How and re¬ 
turn are represented as 
taking placo in straight 
pipes, ono insido tlio 
other to provido for 
intorohnngo of heat. 
Entering along tho iimor 
pipe A the compressed 
gas oxpands through a 
constricted orifice IS 
{equivalent to an ex¬ 
pansion - valve) into a 
vessel from which it 
returns by tho outer 
pipo B, Tho vessol is provided with a stop¬ 
cock 0, by which that part of tho fluid which 
is liquefied can bo drawn off when the second 
stago of tho operation has boon reached. In 
tho tomporaturo diagram ( Fig. 2,\) AIN 
represents tho Iongtli of tho intorohangor, 
1 )M is tho tomporaturo T L nt which tho gas 
outers and loaves tho apparatus, G.N is T„, 
and FG is tho Joule-Thomson drop. D.F is 
tho tomporaturo gradient for tho flow-pipe, and 
GD for tho return. 

When this gradient has 'become established 
tlio gas begins to liquefy, tho apparatus does 
not become any colder, anti tho aofcirm enters 
on tho socond stage, which is ono of thermal 
equilibrium. A certain small fraction of tho 
gas is continuously liquefied and may ho 
drained off as a liquid through the stopcock 0. 
Tho larger fraction, which is not liquefied, 
oontinuos to escape through tho intorohangor 
and to loavo tho apparatus at tlio same 




LIQUEFACTION OF GASES 


temperature ns before, namely the temperature 
equal to that of the entering gas. Call 
this unliquoficd fraction q; then l-q 
represents the fraction that is drawn off as 
a liquid at the temperature T a . Since the 
apparatus is now neither gaining nor losing 
heat on tho whole, its heat account must 
balance; from which 

I a —3L1 + (l — {/)!<•» 

where I A is tho total heat per lb. of tho gas 
entering at A, I I( is tho total heat per lb. of 
the gas leaving at JI, and I (! is the total heat 
per lb. of tho liquid leaving at (J. In this 
steady working tho aggregate total heat of 
tho fluid passing out is equal to that of Iho 
fluid passing in, since tho fluid, as a whole, 
takes u]j no heat in passing through the 
apparatus. 

Supposo now tlmt tho liquid which is drawn 
off at 0 wore evaporated at its boiling-point 
To, and thou heated at tho same pressure from 
T 2 to T,. Assuming that tho specific heat of 
the vapour may bo treated as constant, tho 
heat required to perform that operation would 
ho 

But tlmt hypothetical operation would result 
in thin, tlmt tho whole of the fluid then 
leaving the apparatus would he restored to 
tho tompomturo of entry, namely T,, since 
tho part which escapes at H is already at that 
tompomturo. Hence tho heat required for ifc 
is equal to the quantity Q as already defined. 
Wo thoroforo huvo 

(I ~ ?)[L + - T B )J=Q, 

from which 

.. 9 ...., 

This equation allows tlio fraction that is 
Iiquofiod to bo calculated whon Q is known. 
'.I.’ho fraction so found is tho ideal output of 
liquid, for wo have assumed that thoro is no 
leakago of heat from without, and that tho 
notion of the ill tore hanger is perfect in tho 
sense that tho outgoing gas is raised by it 
to tho tompomturo of entry, Under roat 
conditions there will bo soino thermal leakage, 
mid. tho gas will escape at a tompomturo some¬ 
what lower than T,; tho effect is to diminish 
tho fmotion actually liquefied. 

The fraction that is liquefied is increased 
by using a larger pressure drop. It is also 
increased by reducing tho initial tompomturo 
T| i thus the output of a given apparatus 
enn ho raised by using a soparato refriger¬ 
ating device) to pro-cool tho gas. Pro-cooling 
is indisponsablo if the mofchod is to bo applied 
to a gas in which, lilco hydrogen, the Joulo- 
Thomson effect is a healing effect at ordinary 
temperatures, but becomes a cooling effcot 
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whon tho initial temporaturo is sufficiently 
low. 

This principle of regenomtivo cooling 
was applied by Linde in 1895 for the produc¬ 
tion of extremely low temperatures, and for 
tho liquefaction of air, by means of an 
apparatus shown dingraininatically in Fig, 3. 
ft consists of an intcrohangcr (JDK formed oi 
two spiral eoila of pi|>cs, one inside the other, 
enclosed in a thermally insulating ease. A 
oompressing pump P dolivoi's air under high 
pressure through the valvo.il into a cooler,!, 
whore the heat developed hy compression is 
removed hy water circulating in the ordinary 
way from an inlot at K to an outlet at L. 
Tho highly compressed air then passes on 
through tho pi|>e BO to tho inner worm, and 
after traversing the worm it expands through 
the throttle-valve It into the vossol T, thereby 
snlforing a drop in temporaturo. Then it 
returns through tho outer worm F and, being 
in close contact witli tho inner worm, takes 
UP heat from tho gas that is still on its way 
to ox panel. Finally, it reaches tlio com¬ 
pression cylinder P through tho suction vnlvo 
(.!, and is compressed to go again through tho 
cycle. During tlio first stage it simply goes 
round and round in this way ; hut when tho 
second stage is reached and condensation 
begins, tlio part; that is liquefied is drawn off 
at V and the loss is made good by pumping 
in more nil- through the slop-valve at A, by 
moans of an auxiliary low-pressure pump, not 
shown in tlio skotcli, which delivers air from 



FIG. 3.—Llndo’s llcgonoratlvo Apparatus. 


tho atmosphere to tlio low-prcusuro side of 
the circulating system. 

Linclo showed that by hooping this lower 
pressure moderately high it is practicable to 
reduce tho amount of work that has to bo 
spent in liquofying a given quantity of air. 
He pointed out that while tlio cooling effect 
of expansion doponds upon tho diiforoneo of 
pressures P A and P„ on the two sides of the 
orifico, tho work douo in compressing the air 
in tlio circulating systom depends on the ratio 
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of P A to I'h. It is roughly proportional to 
llio logarithm of that ratio, for it approximates 
to the work spoilt in tho isoMiormal com¬ 
pression of a perfect gas. Tiioro is accordingly 
a substantial advantage in respect of thermo- 
dynamic) efficiency in using, for tho main 
part of tiro working substance, u closed circu¬ 
lation with a fairly high back-pressure. 

In working on a small scalo it is convenient 
to ueenlorato the notion by using enrhonio 
acid im a preliminary cooling agent. This is 


Mr expnmtan 



illustrated in tho laboratory apparatus of 
Fig. 4. Thoro oomprossed air on tors on tho 
right and jmssos first through a coil sur- 
roundod by carbon to acid which has boon 
pooled by red (Wise through an expansion valve 
from n compressed ski to, Tho ofToob is to 
pro-coot tho nir to about -80° 0. It then 
passes on to tho regenerator, which is situated 
in tho contra of tho apparatus and consists 


of a long spiral of fine metal tubing outside 
of which the air streams off after passing 
through the expansion valve at tho bottom. 
In passing the valve some of the air is liquefied 
anil collects in the vacuo m vessel below. 

Important modifications of Linde's method 
wero made in 1902 and later by G. Glmido. 
It had long been recognised that thoro would 
be a thermodynamic advantage if tho fluid, 
instead of expanding irreversibly through a 
constricted orifice, wore made to do external 
work by expanding in an expansion cylinder 
or equivalent dovico. A greater step-down in 
temperature would then ho obtained, for in 
addition to the Joulo-Thomson cooling effect 
there would be tho larger cooling effect duo 
to tho energy which tho substance loses in 
doing work. Claude succeeded in overcoming 
practical difficulties ns to lubrication which 
had prevented tho use of nn expansion cylinder 
in very low temperatures, and devised various 
forms of expansive working, one of which is 
shown diagrammatically in Fit/, fi. Thoro 
only a part of the oonvprossod air, which enters 
through tho central pipe of tho counter¬ 
current inlorohnngor M, pusses into Llio expan¬ 
sion cylinder I). It expands, doing external 
work, and is then discharged through a 
tubular eondensor L, in which it serves as 
a cooling agent to maintain u toinpomluro 
that is not only lower than tho critical tem¬ 
perature of air, but is snlTieienUy low to make 
air liquefy at tho pressure at which it on lorn 
tho apparatus. Tho remainder of the com¬ 
pressed air is directly admitted to llio tubes 
of L and is condensed there, still under tho 
pressure of admission, dropping iih a liquid 
to tho lower part of tho vessel, from whioh 
it can ho drawn off through a tap at (.he 
bottom. 

§ (2) SlOl’AIUTTON OF Til 10 CONSTlTUliNTS OF 
Ain.—After air hns boon liquefied tho con¬ 
stituent gases can l>e separated by ro-ovapora- 
Lion because they liavo different boiling-points, 
Tho boiling-point of nitrogen, umlor atmo¬ 
spheric pressure, is about —105° 0., whereas 
that of oxygon is - 182° (J. When a quantity 
of liquefied air evaporates freely both gases 
pass off, hut not in tho original proportion 
in which thoy aro mixed in tho liquid, The 
nitrogen evaporates more readily, and tho 
liquid that is loft becomes richer in oxygen 
ns tho evaporation proceeds. This difference 
in volatility between oxygon and nitrogen 
makes it possible to carry out a process of 
rectification analogous to tho process used by 
distillors for extracting spirit from tho “ wash ” 
or fermented wort, which is a weak mixture 
of nloohol and water. 

In the-dovico used for that purposo thoro 
is a rectifying column consisting of tv tali 
ohambor containing many zigzag shelves or 
bafllo platos. Tho wash outers at the top 
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liquefy air which is being pumped in unde 
pressure. The cold gases that are leaving 
the apparatus, namely (ho oxygen that is the 
useful product, and the nitrogen that passes 
oft' ns waste gas at tho top of tho column, 
ftro made to traverse counter-current in tor* 
cliangers on their way out, in which they give 
up their cold to the incoming air. 

A rectifying column arranged in this way 
docs not completely separate tho two con¬ 
stituents, for although it yields nearly pmo 
oxygen it allows a part of the oxygen to escape 
and does not yield pure nitrogen. In a com¬ 
mercial process for the manufacture of oxygen 
tliis is of no consequence.. But a modifica¬ 
tion of tho process, introduced later hy Claude 
(Comptes re.mlua, Nov. 20, lflOfi), enables 
tho separation to bo made substantially 
comploto, and yields both gases in a nearly 
puro stato. Tho modification consists in 


M 



of tho column and trickles slowly down, 
mooting a current of steam which is admitted 
at tho bottom and rises up through (ho shelves. 
Tho down-coming wash and tho up-going 
stoam are thereby brought into close contact 
and an exchange of fluid takes place. At 
each stago some of tho alcohol is evaporated 
from tho wash and sumo of tho steam is con¬ 
densed, tho heat supplied hy tho condensation 
of tho steam serving to evaporate tho alcohol. 
Tho condensed steam becomes part of the 
down-coming stream of fluid ; the evaporated 
alcohol becomes part of tho up-going stream 
of vapour. Finally, at tho top a vapour 
compamtivcly rich in alcohol pauses oft; at 
tho bottom a fluid accumulates which is water 
with little or no alcohol in it. A tom pern- 
turo gradient is established in tho column: 
at tho bottom tho tomperaturo is that of 
steam, and nt tho top thoro is a lowor tem¬ 
perature approximating to tho 
boiling-point of alcohol. The wash 
enters at tliis comparatively low 
temperature, and tukoa up heat 
from the nleani ns it trickles down. 

A corresponding method was 
patented by Lindo in 11)02 for 
separating tho more volatilo con¬ 
stituent (nitrogen) from liquid nir. 

In hia appliance, tho primary 
purpoao of which was to obtain 
oxygon, thoro is a rectifying 
oolunm down which liquid air 
triokloH, starting at tho top with 
a tempornluro a little under 
-191“ O. or 70° absolute, which 
is tho boiling-point of liquid air 
under ntmosphorio pressure. As 
tho liquid trickles down it moots an 
up-going stream of gas which consists (at tho 
bottom) of nearly puro oxygen, initially at a 
tomperaturo of about 1)1° absolute, that being 
tho boiling-point of oxygon under atmospheric 
pressure. As (ho gas rises and oomes into 
close con taut with tho down-coming liquid, 
thoro is a givo and tako of substance: at 
oaoh atago nemo of tho rising oxygon is con¬ 
densed and sumo of tho nitrogon in tho down- 
coming liquid is evaporated j tho liquid also 
bcoomoH rather warmer. By tho time it 
roaches tho bottom it consists of nearly pure 
oxygon : tho nitrogen has almost complotely 
passed oft ns gas, and the gas which passes 
oft at tho top consists very largely of nitrogen. 
Moro precisely it consists of nitrogen mixed 
witli about 7 per cont of oxygon: in other 
words, out of tho whole original oxygon content 
of air (aay 21 per cont) two-thirds arc brought 
down ns liquid oxygon to tho bottom of tho 
column, while ono-third passes off unsopar- 
fttod along with all tho nitrogon, Tho oxygon 
that gathers at tho bottom is withdrawn 
for uso, and in its evaporation it serves to 


extending tho l-cotifying column upwards and 
in supplying it nt tho top with a liquid rich 
in nitrogen. A fractional method of Iiquo- 
faotion is adopted which separates tho eon- 
donsed material at onco into two liquids, ono 
containing much oxygon and tho other little 
oxcopt nitrogon. Tho hitter is sent to the 
lop of tho rectifying column, whilo the jfonnor 
enters tho column at a lower point, appro¬ 
priate t<> tho proportion it contains of tho 
two constituents, Practically puro nitrogen 
passes off ob gas at tho top, arid practically 
puro oxygen from tho bottom. 

Fig. 0 is a diagram showing tho modified 
process ns carried out hy Claude. Tim 
oountor-omTonfc interohangors, which aro of 
omivso part of the aotunl apparatus, aro 
omitted from tho diagram. 

Compressed nir, cooled hy tho intorohnngor 
oa its way, outers tho condenser at A. Tho 
condonsor consists of two sots of vortical 
tubes, cominunioating at tho top, whom thoy 
all open into tho vessel I), but separated at 
tho bottom. The central tubes, which open 
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from tho vessel A, are one set; the other 
sob form a ring round thorn and drain into 



o vessel C. .Roth sots are immersed in a 
til, S, of liquid which, when tho machine is 
fulL operation, consists of nearly pure 


oxygon. Tho condensation of tho compressed 
air causes this oxygen to bo evaporated. 
Part of it streams up tho rectifying column 
I), to bo condonsod there in carrying out tho 
work of rectification ami consequently to 
return to tho vessel below. 'J'lio rest of tfio 
evaporated oxygon, forming one of tho useful 
products, goes oil' by tho pipe E at the side. 
Tho compressed air, already cooled by tho 
intorehangors, enters tho condenser at A. It 
first passes up tho central group of condenser 
tubes, and tho liquid which is formed in them 
contains a relatively huge proportion of oxygon. 
This liquid drains buck into tho vessel A, 
where it collects, ami tho gas which lias sur¬ 
vived condonsation in those tubes goes on 
through B to tho outer sot of tubes, is con¬ 
densed in thorn, and drains into tho other 
collecting vessel C. It consists almost wholly 
of nitrogon. Tho liquid contents of 0 pass 
(through an expiuision-valvo) to tho top of 
tho rectifying column, while those of A (after 
nlso passing through an expansion - valvo) 
on tor tho column lower down, at a lovol L 
which is chosen to correspond with tho pro¬ 
portion of tho constituents. Tho result is to 
secure practically complete rectification, and 
tho second product of tho apparatus—com¬ 
mercially pure nitrogon—passes off at tho 
top through tho pipe N. 

To understand how a rectifying column 
uots in separating tho constituents of air, 
it is useful to refer to the experiments of 
E. C. C. Baly {Phil. May., Juno 1900) on tho 
evaporation of mixtures of liquid, nitrogen, 
and oxygon, (liven a mixture of these 
liquids in any assigned proportion, equilibrium 
between liquid and vapour is possible only 
when the vapour contains a definite proportion 
of tho two constituents, but this proportion 
is not tho saino ns that in tho liquid mixture. 
Say, for oxamplo, that tho liquid mixture is 
half oxygon and half nitrogen, then according 
to Baiy’s experiments tho vapour proceeding 
from such a mixture will consist of about 22 
per cont of oxygon and 78 per cent of nitrogen. 
With tlicso proportions thoro will bo equili¬ 
brium. If, however, a vapour richer than this 
in oxygon wore brought into contact with 
tho half-and-half liquid, part of tho gaseous 
oxygon would oondonso and part of tho liquid 
nitrogon would bo evaporated, until tho propor¬ 
tion giving equilibrium is reached. Tho curve, 
Fig. 7, shows for each proportion of oxygen in 
tho mixed liquid what is, in tho vapour, tho 
corresponding proportion of oxygon necessary 
for equilibrium, in otlior words what is tho 
proportion in tho vapour, when that is being 
formed by tho evaporation of tho mixed 
liquid in tho first stages of such an evaporation, 
before tho proportion of tho liquid changes. 
In this ourvo tho baso lino specifies tho per¬ 
centage of oxygon in any mixture of tho two 
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Jicjmds, find 1 10 ordimito gives tho proportion liquid that collects in C will bo nearly nil 
of oxygen in tho eorrespondmg vapour, when nitrogen. It is true, of course, that in the 

10 "Ti 18 f<>ni M r ? V ft 1>,CfiS,,ro of l, l , l )er 1™+" ()t t!l « central tubes the liquid 

one atmosphere Much tho same general that is formed consists largely of nitrogen 
relation will hold at other pressures. It will hut as this trickles down the tube in which 

bo soon from tbo curve that when tho evnporat- it has been condensed there is a give and 

mg liquid mixture ,s liquid mr (oxygon 21 per take between it and the ascending gas, pro- 
cent, nitrogen 70 per cent) tho proportion ciaely like that which occurs in a root fJinc 
of oxygen present m tho vapour that ia column, and when tho liquid readies the 

coming off ia about 7 per cent or a little bottom it i* nearly in equilibrium with the 

less, -l-hia ia what occurs at tho top of Line os gaseous air, and therefore contains about 48 
original rectifying column. Tho liquid that por cent of oxygen, 
is ovnpo rating 
thoro is freshly 00 
formed liquid air, 
and hence tho 
waste gases carry 
oft' about 7 por 
cent of oxygon. 

Coming down tho ^ 
column tho liquid $ 
finds itself in eon- § ?o 
tact with gas con- J 
tabling more 
oxygon than cor- •- 00 
responds to cqui- ^ 
librium. Accord- & 
ingly oxygon is £ J 
condensed and O 
nitrogen is ovapo- u. 
rated at cnoh Q 
stage in the do- iq 
scout, in tlm eft'ort ^ 30 
at each level to * 
reach a condition & 
of equilibrium ho- 20 

twcon the liquid c. 
and tho vapour 
with wliiofi it is 10 

tliero in contact. 

Again, tho ourvo 
shows that wlien 

po\’oraaSf!wygcS percentage of oxygen in LIQUID. 

liquofieH, tho I‘Kl. 7. 



liquid that is formed should contain about 
48 por cent of oxygon, if its composition is 
snoli as will maintain equilibrium with tho 
gaseous air. In tho apparatus shown in 
0 this condition holds for tho contonts 
of tho v ohhoI A. Tho first portions of tho air 
to ho (umtloiised Iridclo down tho sides of tho 
central oondonsor-lubes and aro "scrubbed” 
by tlio air ns it ascends; that is to say, they 
aro brought into such intinmto contact with 
tho ascending air that a condition of equi¬ 
librium botwcon liquid and vapour is at least 
closely approached. Accordingly tho liquid 
which collects in tho vessel A contains some¬ 
thing like 48 por cent of oxygon, by making 
tho condons or-tubos long enough it is clear 
that little or no oxygon will bo loft to pass 
ovor through B into the othor tubes, and the 


When this liquid from A is discharged 
through an oxpansion-vnlvo into tho rectifying 
column at L, part of it immediately evaporates, 
produoing an atmosphere whioli hns the com¬ 
position of nir (21 per cent of oxygon). TJ 10 
part of the column which extends above this 
point reduces tho porcontago of oxygen in tlio 
ascending gas from 21 per cent to practically 
nil, by moans of tho liquid from 0. 

I 11 soino plants for carrying out tlio process 
of rectification on a largo scale it is claimed 
that nitrogen with a purity of 00-H per cent, 
is obtained. A Liwlo plant at Odda, in Norway, 
separates out tho nitrogen from about one 
hundred tons of air daily for use in tho lnnnu- 
faoturo of cyan amide, a nitrogen 011 s fertiliser 
which is formed by passing gaseous nitrogen 
ovor hot calcium carbide. 
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Another commercial application of Mto 
liquefaction of gases is in the manufacture 
of hydrogen from water-gas, which consists 
mainly of a mixture of hydrogen with carbon 
monoxide. The carbon monoxido is separated 
out by liquefying it, loaving the hydrogen in 
the state of gas. The Inst stage of this separa¬ 
tion is effected by using liquid nitrogon ns 
an auxiliary cooling ngent. The achomo of a 
hydrogen apparatus as \iBcd by the Lindo 
Company is shown in Fig. 8. Water-gas, 
under compres¬ 
sion, enters at 
W and passes 
through a 
countor - current 
intorehangorinto 
tho coil It in 
tho condensing 
vesaol K. Tho 
vcssol K is kept 
nearly full of 
liquid carbon 
monoxido which 
has oonio from 
tho coil and has 
suffered a slop, 
down In lom- 
pornturo by 
passing through 
tho oxpansion- 
valvo It. When 
tho compressed 
wntor-gas outers 
t'lu,8,—ApparntlirtforHnpurntlng tlio coil B, most 
Hydrogen from Watur-gns, ()f tJm 0ftl . |)on 

monoxide in it 
hcuomos condensed, lmt most of tho hydrogen 
remains gaseous. Tho mixliuo in tho coil 
pusses on into a separating vossol A (inclosed 
in a vessel V and kept vory cold by liquid 
nitrogen which miters Lhrough ft after lining 
formed in a rectifying lower that is not shown 
in tho diagram. Tho nitrogen in V is con¬ 
tinuously boiling off at n low pressure. This 
sol ves to remove most of Iho residue of carbon 
monoxido, and Hourly pirns hydrogen passes 
oil, still mulor pressure, ut H. Both it and 
tho carbon monoxide, which passes off at CO, 
puss through pipes in the countor-currontintor- 
olfungor by means of which heat is removed 
from tho incoming walor-gua, j A B 
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of,”§(2). 

Values of Thorinal Conductivity of. Sco 
“ Meat, Conduction of,” § (7), Tablo IV. 
Loadino Coeffuji ent, Non-dimensional 
Critical. Sec “ Dynamical Similarity, 
Tho Principles of,” § (41). 

Locomotive Enoines. Soo “ Steam Engines, 
Reciprocating,” § (8). 

Loous of a Point in a Mechanism. See 
“ Kinematics of Machinery,” § (**). 
Louarithmio Decrement : tho natural 
logarithm of tho ratio of two successive 
amplitudes of a point executing damped 
harmonic motion, given by ue~>t n in (nt + c), 
Its vuluo is i’T, wiioro T is tlio time of a 
complete oscillation which is cqnal to 2 t r/n. 
Lower Pairs. For definition seo “Kine¬ 
matics of Machinery,” § (2). 

Lijuuioants, Mixtures of: tho effeets on 
tho frictional resistance of mechanism duo 
to mixing small quantities of fixed oils to 
minora! oils, Soo “ Friction,” § (20). 

LUBRICATION, BOUNDARY 

CONDITIONS IN 

Lurrioatton falls into two sharply distinct 
divisions according os tlio solid fuoos aro or aro 
not fully soparatod by a layor of lubricant. In 
tlio laltor tho ])hysieal proportion of the solid 
faces play an important part ; in tho former 
tlio layer is thick enough for tlio lubricant to 
dovolop its proportion when in muss, and tho 
friction thoroforo is tlio internal or viscous 
friction of tho lubricant modifiod by tho form 
of tlio bounding solid faces. Tho Motion of 
“dry” and “ groasy " faces constitutes tho 
one division. In it what Osborno Reynolds 
oftllod “ boundary conditions ” oporato, and 
tlio Motion thoroforo might ho called boundary 
Motion. Tlio othor division inoludos tho bo- 
oallod " comploto lubrication ” of journals or 
slide blooks running in a bath of lubricant so 
that tho rubbing fnoos aro oomplotoly floated 
apart. 

The remarkable foaturo of lubrication, and 
ono which a comploto theory must explain, is 
that thcBo two divisions aro opposed to oaoh 
othor in all important characteristics, In 
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flotation static friction is absent, and the 
rosistaneo to rolativo motion varies directly 
wi*h the viscosity, that is to say it desponds 
oil the internal friction of tho lubricant and 
tho area of tho opposed surfaces, and increases 
as tho velocity of rolativo motion increases. 
In boundary lubrication there is static friction] 
the frictional rosistaneo boing equal to that in 
binotic friction unless the stato of tho solids 
themselves is altered by tho strossos ; and tho 
rosistaneo varies as so mo inverse function of 
tho viscosity of tho lubricant, and is indo- 
pondont of the area and rolativo volocity. 

Tho relations arc so completely opposed to 
one another as to make it probable that if wo 
could introduce a single pure chemical sub- 
stance botwoou two clean solid faces so ns 
gradually to increase the thickness of the layer, 
wo should moot with a discontinuity of stale 
such that at a certain critical thickness 
boundary conditions would disappear to givo 
way to flotation. 

Naturally occurring solid surfaces such as 
the surface of a pano of glass aro contaminated 
by ail invisible film of matter condensed from 
tho atinosphoi'o or dorivod from contact with 
other substances. Tho grossor part of this 
film being of a grousy nature, it reduces tho 
fnotion of “ clean ” faces by about 70 pol¬ 
ecat. The film may bo removed, or rather 
the grosser part of it, by various inothods. 
Bor oxamplo, glass may be cleaned by washing 
with soap ami water, boating in sulphuric ami 
ohroinie acids, washing in wator and drying 
in clean dry air. Tho euoflieiont of friction /t , 
of oloan faces, that is to say tho ratio of tho 
tangential pull to tho total normal pressuro, ib 
high, boing 0-04 for crown glass, 0-74 for hard 
steol, and O-fiO for bismuth. 

Thin films of a given lubricant may bo 
deposited oil such dean faces by exposing 
them to its vapour, or by spreading lubricant 
over them and then polishing off all oxcoss 
with Iinon which has boon deprived by pro¬ 
longed and special treatment of all material 
capable of boing convoyed to tho solid fane. 
Such surfaces aro what aro oomnionly callod 
“ dry ” surfaces. Tho most interesting method 
of producing “ dry ” lubrication is by allowing 
tho lubricant itself to spread ovor tho clonn 
surfaces under the influence of molooulav at¬ 
tractions. As an example, tako the following: 
a singlo small drop of pure acetic acid is placed 
nonr one corner of a clean plato of glass, say 
six oin. squaro, immersed in clean dry air. 
Nothing obvious to tho sonsos follows. Tho 
,drop of acid to all appoaranco remains whore 
it was without ohango. Tho wholo surface of 
tho plate will, however, now ho found fully 
lubricated as by ncotio noid, tho coefficient of 
friotion having fallen from 0-04 to 0-4], 
boeaufio an invisible film has spread ovor it 
from tho viaiblo drop of aoid. 


films can bo formed in this way only in 
cloan dry air, benauso water lias a singular 
power of disturbing tho relations between tho 
solid and tho lubricant. Tho films arc, therefore, 
suhjoct to evaporation so active as to romovo 
the lubricant ns fast as it is spread from the 
drop, savo when, ns in tho case of acotio 'acid 
or tri propylamine, it is very strongly adsorbed 
by tho solid, lb is is prettily shown by propyl 
alcohol. In the immediate neighbourhood of'a 
drop of tho substance tho friction of a glass 
plate is found to fall to a low value (^=0-40), 
hut us one moves away tho friction rapidly 
but gradually rises to tho “ clean ” value. One 
can picture, but not see, a film continually 
spreading from tho drop of alcohol and a H 
continually boing romovod by evaporation, bo 
that it vanishes completely a fow centime Ires 
from tho edgo of the drop. 

When tho surfaces aro flooded by tho lubri¬ 
cant so that tho slider moves in a pool, tho 
thickness of tho film whioh persists botween 
tho faces will ho determined by oapiilary forces, 
the friction of suoh flooded surfaces is in all 
oases so far moamirod equal to that of sur¬ 
faces coyored only by the invisible film just 
described, and wo thus eomo to tho second 
remarkable paradox of boundary friction, 
namely, that tho boundary friction is inde¬ 
pendent of tho quantity of lubricant on tho 
faoofl. Tho following figures will sorvo to 
illustrate this: 



Surf*™ (1 <iihI<hI 
with I.ulirlinnl, 

llnriilslinl I'llm 

III l.llllll 171111. 

Amyl Alcohol , 

fi --58 

fin-m 

Caprylic Alcohol 



Uoi-oio Aoid 



Ouprylio Aoid . 




A description of tho method adopted for 
making thoso measurements will bo found on 
tho following pngo. 

_Tho third remarkable fonturo of sliding 
friotion is expressed in what is usually oallori 
Coulomb’s law—unfortunately so, bIiico tho 
law was clearly formulated more than eighty 
yoars oarlior by Amontons in 1000. 1 It states 
that tho total friotionnl rosistaneo is inde¬ 
pendent of the area of contact and of tho 
rolativo volocity, boing dopondont only on tho 
total normal pressure. If wo sponk of tho 
reaction of tho fixed surface—using tho word 
in the sonao in which Nowton used it—ami 
call tho normal component N and tho tan¬ 
gential component F, thou Amontons’ law i« 
oxpressod by F/N=/i=oonstant. This law is 
characteristic of boundary conditions—that 
is to say, of “ dry ” or “ greasy ” surfaces, 
and is replaced by a quito different law when 

i«nh A, orm t 0 r?’ 'te l'A end. Hot/, den Sciences, 

1785’ x“° 103 f 333 <>mb * ,lca Spawns Hmngen, ■ 
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tho lubricant floats tho surfaces complotoly 
apart. 

, In considering the question whether fclio law 
is an approximation, and if so within what 
limits it holds, we will take tho two negative 
statements separately. In 1805 II. Bain love 1 * 
investigated nmthomaliciilly tho properties of 
mechanical systems subject to tho rotation 
p = F/N, and civino to tho conclusion that it 
loads to certain impossiblo discontiunities of 
motion. His method consisted in introducing 
into tlio equations of motion tho reactions 
F and N as forces doing virtual work. His 
pajior led to a controversy, oarriod on by 
French and Gorman mathomaticians, wliich 
continued for about fifteen years. From it 
ouo conclusion scorns to emerge, namoly that 
Amontons’ law holds only when tliogomnotrical 
rolations of tho surfaces which nro compared 
nro such that tho normal and tangential 
reactions, tho position of the contro of gravity, 
ami tho moment of inortia of tho slidor have 
tho Hiuuo goomotrioiil rolations throughout. 3 
As an oxample, tho value of p will dopoiul 
not moroly upon tho woight of a circular 
piano disc sliding on a piano surfaco but 
also on tho position of tho contro of gravity 
with rospoot to tho gooinotrical contro of 
tho disc. This relation must not ho oon- 
foundod with Micholl's 3 * conclusion that tho 
cooiliciont of friction of a plato sliding 
over a fully lubricated Biirfaco dopouds 
upon tho gooniotricul position of tho load, 
hooauso tho former holds for static as woll 
os Irinotio friction, whereas Micholl’s analysis, 
lilco Oaborno lloynold’s, postulates relative 
motion. 

Tho measurements of stotio friction which 
form tho basis of this artielo woro inado with 
a slidor liaving a curved surfaco which was 
applied to a piano surface, both faces boing 
highly polished. -1 From tho middle of tho 
slidor projooted a small arm from which a 
lino thread passed over a light pulloy to a 
pan. When weights woro placed on tho 
pan tho slidor rookod forward and tho 
weight which just failed to cause sliding was 
used to compute tho static friction. Somo 
lubricants appear to abolish stalio Motion, 
tho smallest weight then causing a very 
slow glido. Rioinolio acid on bismuth is an 
oxample. 

By a simple modification of tho form of tho 
arm, tho pull could ho adjusted so as to do 
away with the rocking of tho slidor. This 
was not found to altor tho friction. Both tho 
weight ami tho radius of eurvuturo of tho 

1 damples retulus, 1805, cxxl. 112. 

a f.’oinjmre, for cxuinplo, Clmnint, Conwtes rendtts, 
100.3, oxxxvl. 103-1. 

3 '/tils. Math,, Leipzig. 1005, 111. 123. 

’or dclnlls see W. II, and J. 1C. Hardy, Phil. 

1010, xxxvill, 32, 40, and Phil. Mag., 1020, xl. 


slidor were altorod over a largo range without 
dotootablo change in tho valuo of p. 

Tho contact hotweon slidor and plato was 
a circle of unknown but very small area. Tho 
woight of tho slidor was varied from 15 to 
170 grammes j tho normal pressure was, there¬ 
fore, in somo eases very groat, 

All measurements woro nuulo in a chamber 
filled with air dried and freed from dust. Tho 
slightest traco of .moisture was fojind com¬ 
plotoly to altor tho values. 

Whon both tho slidor and tho boaring havo 
piano surfaces, tliorc must always ho uncer¬ 
tainty ns to the area of real contact, because, 
ns Burgess 6 proved, oven tho most carefully 
trued faces touch only at a fow points, being 
soparatod olsowhoro by a film of air or con- 
doused wator vapour. When a spherical sur¬ 
face slides ovor a piano surface tho aim of 
contact varies with tho radius of ourvaturo 
and with tho j power of tho load. Tim values 
of p woro found to lm strictly independent of 
tho load and ourvaturo, and therefore of tho 
area of tho surfaco of contact. Much moro 
investigation is needed in tho interests both 
of theory and praetico; but tho experimental 
ovidonco ho far justifies the statement that 
Amontons’ law is an oxaot law and not an 
approximation so long as tho physical state 
and ohomical naturo of tho solid and lubricant 
roinaius tho same. 

Tho socond statement, namoly that p is 
independent of tho rolativo velocity, was 
examined by Flooming .Tonkin and Ewing,® 
who found that for hard substances, such ns 
stool on stool, static and kinetic friction woro 
oqual; but that they wore unequal, tho latter 
boing loss than tho forinor, whon ono or both 
faoos woro of rolativoly soft material, snob na 
brass or greonhoart. Coulomb and Morin,’ 
in 1781 and 1830 rospoctivoly, had already 
found tho kinotio friction less than static) 
friction whon ono or belli faoos woro of wood. 
It is probable thoroforo that p is indopondont 
of volocity only so long as tho solid fneos 
thomsolvos aro rigid onemgh not to ho modified 
by viscous flow induced by tho tangential and 
normal stresses. 

Tho thorny of boundary Motion which may 
ho said to hold tho fiold at prosont is due 
to Coulomb. Ho slates that Motion most ho 
duo to tho engaging with ono another (Pon- 
gminago) of tho nsporitios of tho surfaces, 
and that cohoroneo must play a negligible 
part, bocauso tho ofl’oot of aohoronco would 
nocossarily bo proportional to tho number of 
points of contact — that is to say, to tho 
area. 

Pushed to tho limit, this theory moans that 
truly piano surfaces aro sonaihly Motionless 


« 


Proc. Pan. Sod., 10J.J, Ixxxvl. A, 25. 
Phil. Trans., 1877. clxvll. A, 501). 
Comptes rendus, 1830, p, 87. 
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ami t'fmt tho asporitios form frietionless 
inclined plains, t.lin friction being duo aololy 
i*> the component pnmllol to tho surface of 
fclio resistance oll’orcd hy thorn. Sinco tho 
surfaces experimented with woro always 
highly polished, tho asperities must have boon 
very small, and tho avorago ofieot of all might 
therefore bo supposod t<i bo tho samo for 
equal aroas of sensihlo size whoravor ]>laeod. 
Tim theory demands that tho rosistanoo duo 
to any single area acting idono shall bo equal 
to that of a Hiirfaoo including any number of 
Hindi areas providod tho total normal pressure 
is constant. If tho actual surface is frictionloss, 
tho relation of tangonlial resistance to ] ires sure 
would seem to follow from Hooke’s law. Tho 
tangential rosistanoo will ho proportional to 
the chango of form of tho surfaco, and this again 
is proportional to the normal force. There is 
therefore nothing violent in the assumptions, 
oxcopt that of frictionloss surfaces. 

Tho difjioulty of (.'milomb’s theory Iios, net 
in tho supposed action of iiHporitios, boaauso 
there is no such thing as a piano surfaco of 
pnrlioulato matter, and wo moroly linvo to 
inquire what constitutes tho insonsihlo 
asperities of a highly polished face, hut in the 
ascription of a negligible part to cohesion, for 
wo know that tlioro exists on tho uxtornol 
faeo of all solids a field of attraction for other 
forms of matter strong enough to bind to tho 
face a film which cannot in many eases lie 
detached without abrading the solid itself, 
Tlioro can bo no manner of doubt but that 
tho force required to omiso one of those films 
to slip over the solid varies directly with tho 
uroa. (liven such a field of foreo, tlioro will 
ho rosistanoo to tho tangonlial motion of 
matter over a faeo, save in tho iiniquo ouso 
when tho oquipntontinl siirfacos of tho Hold 
nro piano and parallel to tho material faeo and 
tho motion is parallel to those pianos. 

Tho dilemma in which the theory plaeos ns 
iH apparent whan wo consider faces separated 
by a continuous layer of lubricant, (,'ohosion 
and repulsion now oporato over tho whole 
area, and the friction is strictly internal friction; 
why, then, should the frictional resistance not 
be proportional to the area as it is in tho 
internal friction of homogonooim fluids and in 
tho surfaco friction of a solid faeo moving 
through a fluid. Coulomb hints that it is a 
question of degree, tho rosistanoo hoing mainly 
duo to asperities, but careful moasuromonls 
show too (iloso an agreoment with tlioory for 
an escape to bo found in this way. 

Tho noalo of tho asperities to which friolion 
is duo may ho estimated from tho following 
facts. Tho more highly polished is a surfaco 
of glnss tho groator is its friction—thus glass 
trued and polished to an optical faeo has 
sonsibly tho samo statio friolion as has plate- 
glass, and both givo liiglior values than ground- 


glass. Tho asperities nro tlioroforo of insensible 
dimensions. Tho friction of polished faces of 
glass, stool, or bismuth is reduced tn a relatively, 
low value hy lubrication with an aliphatic 
acid or alcohol, oven when all oxcess of lubricant 
is burnished off. The invisible film of lubricant 
which persists gives tho lowest obtainable 
Vftluo for static friction, ns was noted earlier, 
yet it can ho at most vory few molecules in 
thickness. When tho alcohol or acid is volatile 
at tho tomporatiiros of observation (c.cj, ethyl 
or propyl alcohols), the burnished film 
ovaporalcs oil tho surface in a fow minutes, 
tho friction rising as rapidly to the high value 
for “clean” faces. Tho fact that a film so 
thin gives tho best boundary lubrication tho 
particular substance is capable of exerting, 
proves that tho asporitios must ho of mole¬ 
cular dimensions. Wo may tlioroforo con¬ 
fidently rojoct what appoars to ho the cumint 
conception, namely that friction is duo to 
material asperities oaoh of which acts in 
opposing rolalivo motion Iiko a frictionlcss 
inolinod plane, and nssumo that friction is 
duo to tho attraction of tlio inolcoulos of one 
solid for tlio other aeross tho intorfaco whon 
the siirfacos are “clean,” and of tho molooulcs 
of tho lubricant for oaoh other when thoy are 
“ dry ” or “ greasy.” 

The field of foreo already mentioned as 
existing at a free face <if solid or liquid is 
duo to tho nil balanced attractions of tho 
niolceules, and the tangential component of 
tins field constitutes tlio surfaco tension. 
Friction of uloim faces may ho regarded as 
being duo to tho mutual reaction of tho fields, 
and, so long as boundary conditions opornlo, 
a lubricant reduces friction hoouiiso it partly 
masks or “ saturates ” the fields of the 
solids. 

(irensy films nro formed on solid or fluid 
surfaces hocauso thoy roduco tho potential of 
the fields of attraction, and this procoss of 
condensation of foreign matter on to a surface 
is called adsorption. A lubricant may there¬ 
fore also be said to bo adsorbed by tlio solid 
faeo, and, other tilings hoing equal, tho groator 
tlio work demo hy niolooular forces in forming 
tho iayor tho bottor tho lubricant, For an 
experimental proof of this relation soo the 
Philosophical Mayuzinc, 1010, xxxviii. <10, and 
1020, xl. 201. 

It has boon known fur a long limo that 
adsorption is determined by chemical con¬ 
stitution. Broadly speaking, those substances 
which are more uotivo ohomioatly in relation 
to tlio particular fluid or solid aro more strongly 
fttlsorhod hy it. Thus acids, alcohols, and 
ostors nro more strongly absorbed 1 ) 3 ' tho surfaco 
of wator than aro paraffins, It is tlioroforo in 
aooordanco with expectation to find that 
aliphatic aloohols and ndclw aro bettor 
lubricants of solids than thoir rotator! paraffins. 
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Thin is illustrated by tho following values of 
t* for glass, steel, and bismuth, there being in 
each case an excess of lubricant on the faces. 


Jf tlioso figures are plotted against molecu¬ 
lar weight the ciurvoH will bo found to bo 
Htmight lines, ho that wo innywrito /t=g 0 -«M, 
whore /i„ anti a aro constants and M is tlio 
molooulur weight. 

The offoct of tlio naturo of tho solid faco is 
unoxjioctodly simple. Within tlio limits of 
error tho slope of tho oitrvo is indepondont of 
tlio naturo of tlio solid faco. That is to say, 
«• ih independent of tho solid faco and a puro 
function of oliomioal constitution, tho values 
being: 

Normal pnvnllina . . . a=>-0013 

Normal alcohols . . . a <='0010 

Normal adds . . . a=»4XM3 

The first two acids in tlio sorios, fonnio and 
uoetio acids, give abnormally lew values of /.i, 
on might ho expected from thoir other physical 
properties. 

Tlio value of tlio constant /i 0 is, on tlio 
contrary, dofcorminod by tho naturo of tho 
solid faces. It is, a« tho tlioory would 
load us to expect, a function of tho fric¬ 
tion of tlio faces when “clean.” Thus wo 
Jmvo for tlio normal paraffins tho following 
values: 



Ulus*. 

Steel. 

Hlnnnitli. 


('loan yi 0 r= . , 

■01 

■74 

•50 


Lubricated p 0 » . 

•80 

■57 

•48 



Tlioso relations may lie put in another way. 
I«’or tho normal paraflina, uoids, and alcohols 
Uioellectof changing from ono solid or anothor 
is to shift tho curves with rospoot to tlio axos 
whilst keeping thorn parallel to thomsolvcs. 
Tho general relation botween tlio internal 
friotion (viscosity) and bonmlary friction of 


tlio members of a chemical series is that the 
former increases and tlio latter decreases ns tho 
molecular weight increases. For normal par¬ 
affins tho equations 
of isotherm aro 

and i 7 =j / 0 + ^M, 
where rj is tho co¬ 
efficient of internal 
friotion and ft is a 
constant. Tho rela¬ 
tions aro not so 
simplo as this in 
other choinioal 
series. 

Tho lubricating 
notion on bismuth of 
nearly ono hundred 
substances has boon 
measured and rela¬ 
tions found which 
at prosont liavo 
recoivcd no explanation. Somo of those aro 
illustrated by tlio following values of g: 

Chain Compounds 




Alcohols 


Propyl . 


•34 

Isopropyl. 

■32 

Butyl 


•30 

Isohulyl . 

•30 

Amyl 

. 

•27 

Glycol 

•30 

Octyl 


•25 

Glycerol . 

•22 

C'oty! 


•J7 

Pentcrythrllol 

•40 



Acids 


Propionio 


•31 

Oloio 

•10 

Valerio . 

, 

•28 

Rlcinolio 

•02 

t'nprylio . 


• 11 ) 

Laclio . . 

•20 

Slcurio . 

• 

•15 

Glyeorio . 

■22 



Halers 


Ethylncetnlc 

. . -35 


Ethylvalerioiinln . , .35 


Tristcarln 

. 

. . -24 


Triolein 

• 

. . -14 



King Compounds 


Benzene . 


•34 

Ethyl benzene 

•32 

Naphthalene . 


• 21 ) 

Toluono . 

■28 

Anthracene 


•20 

Xyleno . 

•30 

Phenol . 


•25 

p. Cymonn 

•31 

Catechol . 


■30 

ft Nuphthol . 

•38 

Quinol 

! 

•40 

Nnphtlioic acid . 

•30 

Mi-Crcuol . 


■20 

Donzoio acid . 

■38 

Bon/.yl alcohol 


•31 

Cinnamic neid 

■27 

Ethyl hydrocinna- 


llonzlllo acid . 

•45 

mato . 

. 

•28 

SalicyJio acid . 

■41 

Ethyl clnnnmulo 


■32 

Cnrvncrol 

•23 

tli-Pcntouo 

• 

■31 

Tliymol . . , 

•24 

iHo-oholcstcrol 

• 

•27 

Menthol . 

•20 


Cyclic Compounds 


Cyclolioxauo . 


■31 

Cyclohoxnnol. 

•35 

Methyl cyclohoxano 

•30 

Cyclohoxnnono , 

•35 

Castor oil , 


03 

Carbon tetrachloride 

•40 

Water 

. 

33 

Clilorofornl , . 

■33 


Noumac Pahaffins 



O s ll w , 

o 6 h 14 . 

tollic- 

Call is. 

CioU«i 

CsiUjo. 

Class. 

•71 

•00 

■07 

•05 

•41 

•33 

•Steel . . 

■48 

•45 

•43 

•41 



Bismuth . 

•• 

•37 

•35 

•32 

•00 

•07 


Noumat. Alcohols 



oir.,on. 

c_,ir s oir. 

CjTIjOI.I. 

0 * 14011 . 

o g n,,oir. 

OjHijOH, 

CialRjOIt. 

CilliHH . . 

•07 

•05 

■03 

•r»o 

•58 

•51 

•33 

Steel . . 

•47 

•44 

•41 

•30 

•37 

•30 


Bismuth. 

■ • 


34 

•30 

•27 

•25 

■17 
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I ho most interesting is tho distinction 
between ring and chain compounds. The 
simple ring compounds benzene, naphtha¬ 
lene, find anthracene show tho linear relation 
to molecular weight, and the values are much 
tho flame as those for paraffins of the sumo 
molecular weight. Tho similarities, however, 
end hero, for any change in the molecular 
structure produces opposite effects according 
ns it takes place in a chain or ring. Thus a 
double bond doorcases tho lubricating action 
of a ring compound, but increases that of 
a clmin compound. As examples, compare 
naphthoic acid with double-bonded oxygen 
with naphthalene, monthono with menthol, 
cyclohexanone with cyclohexane, benzoic acid 
with benzene. As examples of doublo-lfonded 
carbon, compare cinnamic eater with hydro- 
cinnamic ester, di-pnntonc, having two un- 
saturated carbon atoms, with menthol and 
cyclohoxano. Also the more saturated cyclic 
compounds arc bettor lubricants than the less 
saturated ring compounds. 

When a ring or chain is joined, as in butyl- 
xylono, tho result is a bettor lubricant than 
cither. 

_ Tho esters occupy a quite unexpected posi¬ 
tion. Tho simple aliphatic estors arc worso 
lubricants than their related acids and alcohols. 
Tho ring esters, on Lho contrary, are bettor 
lubricants than are their related acids (c..g. 
ethyl bonzoftto and benzole acid). 

I’oi'hap.s tho most interesting substances are 
tho hydroxy-acids with OH. and COOK groups. 
Tins conjunction produces a remarkable in- 
cronso in the lubricating power of a chain 
compound (lactic acid and rioinelie acid), and 
almost destroys lubricating action in tho who 
of tho ring compounds (salicyolio and honzylie 
acids). 

In tho ring compounds Lho replacement of 
hydrogen decreases lubricating power in tho 
case of N! O, or •COOH, and increases it 
in the ease of other groups in tho order 
G 2 H s < CH < Oil. 

Tho effect of a second group of tho same 
or of a different kind is to dccrouso the offoot 
of tho first. Compare, for instance, toluene 
with xylono ; catechol, quinol, and eresol with 
plionol; and methyl oyclohoxanol with cyolo- 
hoxunol. . Tho simpler the group tho more 
nffootivo it is. Compare oymono with toluene 
or xylono, and benzyl alcohol with plionol. 

When tho atoms are disposed with complete 
symmetry about a carbon atom, tho result is 
a very had lubricant, as wo sec in carbon 
tetrachloride and tho alcohol pontorythritol 
CXOIIaOH).,. 

It will ho noticed that no ring compound 
is a good lubricant. Even oholestcrol, with 
tho moleoular weight 3(50, is no exception. 

Tho group SH acts much ns OH, thio- 
phonol (J u H 6 SJI find benzyl - hydrosulphido 


0 0 I-I 5 0H 2 SH resembling phenol niul benzyl 
alcohol respectively. 

The theory of boundary lubrication outlined 
abovo may bo developed further by considering 
the properties of composite surfaces. When 
a substance, say an oil, spreads cm water, under 
the influence of surface forces a surfaco is 
formed whoso properties are neither those of 
a clean surface of water nor of the oil. Tho 
walor and the oil have in fact reacted on one 
another. Such surfaces may be called “ com¬ 
posite.” All naturally occurring surfaces are 
composite, because the free energy of such a 
composite surface is less than that of a clean 
or simple surface. Tho reaction between tho 
components of a composite surface can bo 
classed as ohomical, but in a very restricted 
seiiso, because the condition of intmiscibilily of 
tho components makes tho relation of tho 
molecules two-dimensional. Tho law of' aver¬ 
age values therefore applies only in a restricted 
way, so that the characteristic law of ehomistry, 
tho law of doiiuilo and multiple proportions, 
censes to hold. 

Ihc partial nature of tlu> reactions and tho 
structure of a composite surface may lie 
illustrated by an example. When an aliphatic 
acid such as palmitic acid forms tho film on 
water, the film is probably only ono molecule 
thick and tho carboxyl groups are attracted 
by the water so that each molecule slnmls on 
ond. (Hoc for example Adam, /Von. /fra/. So<\, 
A, 1(121.) Tho film therefore is composed of 
n layer of carbon chains oriented at right angles 
to tho water fuco. Orientation to an unknown 
dogroo may also ho supposed to obtain in the 
superficial layer of the water itself. 

Composite surfaces arc formed on solids in 
a way so similar to that obtaining on fluids 
(of. Phil. Mug., 1010, xxxviii. 40) ns to make 
it practically certain Hint they have tho samo 
general structure, namely, marked orientation 
of the molecules. Consider two such com¬ 
posite faces applied to ono anothor; tho orienta¬ 
tion may ho disturbed by mutual attraction 
between the molecules of tho films but it will 
not bo destroyed, Tho applied faces now form 
a region which varies rapidly in constitution 
along tho normal to tho interface, and its 
boundaries ore indefinite, for wo do not know 
how fur into the solids tho molecular pattern 
chnractoristio of the region extends. 

lho film on a solid face, by more or less 
completely saturating tho attractive forces, 
lessens tho capacity for cohesion. Its presence 
tliorcforo is ono, but not tho only one, of the 
causes why solids do not wold when pressed 
togothor. It also lessons tho frictional resist¬ 
ance of lho face. 

The thinnest continuous film of foreign 
matter which can ho deposited on a dean 
surfaco of water is ono molecule thick. It in 
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tlio film which is formed when the urcft of tlio 
water face is huge enough to pormit of the 
substance, e.<j. oleic acid, spreading ns far as 
it lias a tendency to. Tlio thickness of films 
formed in a similar way on solid surfaces has 
not yet boon directly measured, but analogy 
justifies us in assuming that if tlio area is 
large enough the film will also be one molecule 
thick and that it can bo thickened by con¬ 
tracting the area in reference to tlio quantity 
of foreign substance present in it. It must lie 
admitted that the relation of the friction to 
tlio thickness of him on each solid faco is 
difficult to follow, hut tho evidence so far avail¬ 
able points to the conclusion that static friction 
decreases as tho layer of tho lubricant is in¬ 
creased, but rapidly reaches a minimum when 
it begins to increase until the critical thickness 
of tlio film is reached beyond which flotation 
occurs. At tho critical thickness static friction 
falls mom or less abruptly to zero. 

Tho fact that tho layer of lubricant manifests 
static friction proves that it lioliavcs under 
tangential stress like ail olustio solid. If it ho a 
fluid when in mass the effect of tho attractions 
of tho solid faces, combined with tho traction, 
must therefore lie to confer on a thin lnyer 
both orientation of its molecules with respect to 
bhonormal, amlnlso solidity. Tho orientation of 
the moloculos spoken of ahovo is duo to the 
fact that the attraction of tho molooulcs of 
tho solid faces is not tho samo for all parts 
of a molooulo of tho lubricant. Wo may sup¬ 
pose, for instance, that tho attraction for tho 
-COOJI. or - Oil group is greater than for 
tho remainder of a carbon chain. Tho orienta¬ 
tion of tho inolueulcs of the lubricant will 
therefore bo greatest at tho solid faces and 
least midway between them, Ixicanso it tends 
continuously to bo upset and give way to tho 
random relations of the interior of a fluid. 
Tlio layer id' lubricant, therefore, even if it bo 
only two molecules tliialc, varies rapidly iu 
structure along the normal, and tho peculiar 
feature of boundary friction is that tho 
stresses occur in a medium which iH excessively 
heterogeneous along one axis, namely, tho 
normal to tlio solid faces, and homogeneous 
along tho tangential planes, 

Tho friction, whether static or kinetic, is 
merely an expression of tho strain produced 
in. tho tangent planes by the tractions, and 
tlio peculiar features mo due to the hotern- 
gonoity of tho material which tends to confine 
Oho yield point when sialic friction gives way 
to kinetic friction to a single tangent plane 
instead of tlio yield being distributed through¬ 
out tho mass as iu a homogeneous fluid or 
elastic solid. 

Tho frictional resistance—tho “ tangential 
component of tho reaction," as French writers 
fittingly call it—has Its origin in tlio resistance 
of tho atoms to displacement and, since tho 


traction will tend to produce rotation, in 
resistance to disturbance of tho molecular 
orientation which is a configuration of minimal 
potential energy. When the traction roaches 
a certain value fixed by tho naturo and con¬ 
figuration of tho atoms and molecules of both 
lubricant and superficial parts of tho solids, 
the tangential reaction reaches tho maximum 
possiblo and there is “ yield ” on some particu¬ 
lar tangent plane, tho position of which is 
indeterminate owing to tho fact that, because 
of tho rotation spoken of ahovo, tho distribu¬ 
tion of strain along tho normal is a function 
of the intensity of tho traction. Tlio common 
equality between static; and kinetic frictions 
follows from tlio fact that tho funner measures 
tho greatest tangential reaction tlio system is 
capable of. 

Tho above hypothesis and tho limitation 
imposed by our imperfect lenowlodgo may lie 
illustrated by considering tho friction of faces 
of bismuth in some detail. This metal is 
highly crystalline and so brittle that a plate 
ft few millimetres thick can lie broken like a 
biscuit. It is readily polished, nncl in tlio 
process of polishing an amorphous layer is 
formed covering tlio crystal facets whioli pre¬ 
viously wore easily visible to tlio naked eye, 
This amorphous layer—which may bo called 
the Beilby layer—is formed, ns Beilby showed, 
by a flowing of the metal, and, like a truly 
fluid surface, it forms under tho inlluoitoo of 
surface tension. No polishing powder is needed 
to polish bismuth—the operation can bo per¬ 
formed by rubbing tho motel on the skin of 
tho hull of tho thumb. The skin then becomes 
covered thickly with a fine dust of metal, a 
considerable amount of material lining rapidly 
removed from tlio surface, and tlio dust is 
seen under tho microscope to bo coin posed of 
spheres each -01 mm. in diameter. The forma¬ 
tion of these spheres can bo followed under 
tho microscope. At tho edge of tho plate tho 
flowing surfaco of tho metal is dotaohod in a 
thin sheet which breaks lip into drops under 
tho inlluonco of its own tension. Tlio structure 
of tho dust and its mode of formation arc 
therefore comploto ovidonee of tho fluidity of 
tho surface produced by rubbing. 

Consider now tho structure of tho material 
which is to ho tho seat of strain when two 
snob polished faces nro separated by a layer 
of lubricant only a few molcaules thick. Start¬ 
ing in tlio muss of tho metal wo have a magma 
of solid crystals contented together; this iR 
followed in order by tho Beilby film of un¬ 
known hut slight thickness, the lubricant, a 
scoond Beilby film, and finally a second 
crystalline mass. 

In onoli crystalline mass the molecules nro 
disposed in a regular lattice. Tho disposition 
in tho Beilby film is unknown, but tlio two 
arrangements arc probably incompatible with 
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0,10 nnothor, bo that Uio transition may lie 
oxpootod to bo jxbrupfc. In tho lubricant the 
molecules abutting on the bismuth face may 
bo supposed to bo more highly oriented than 
am those in the middle of the layer. The 
whole region therefore includes four surfaces 
of discontinuity, namely, at the interfaces 
between the Jicilby films and tho crystals on 
one sido and (ho lubrioant on the other, and 
a layer,^ namely tho lubricant, which varies 
rapidly in state, tho variation being disposed 
symmetrically about an imaginary surfaco 
midway between tho solid faces. It'is obvious 
that it is impossible to predict whero tho yield 
point will bo under tangential stress in so 
heterogeneous a system, especially ns, for 
reasons given above, tho cohesion is a function 
of tho traction. 

When the Motion is high tho metal is tom 
if any slipping takes place. This occurs when 
no lubricant is present save perhaps a film of 
condensed gas, and also when tho lubricant is 
one which fails to reduce the maximum friction 
—that of clean faces—by 80 per cent. This 
may ho interpreted in two ways neither of 
which is free from difficulty. Tlio first is that 
tho yield point is at the interface botwoon 
lubricant and solid, so that tho layer of lubri- 
onnt becomes broken and tlio solid faces come 
logothor. 

Tho evidence, however, goes to prove that 
tearing of the metal coincides with tho in¬ 
ception of slipping when tho layer of lubricant 
must bo still intact, in which onso wo come to 


the second interpretation, namely, that the 
yield point when the lubricant is capable of 
bearing a tangential stress above a critical 
yaluo is in tho metal, possibly at the inter¬ 
face between the Reilby film and the crystals, 
this second explanation is in better accord 
with many of the facts, but it leaves tho friction 
to bo fixed by the yield point of the metal for 
all except “ good ” lubricants. All “ bad ” 
lubricants therefore should be indistinguishable 
from one another— they should ho “ neutral ” 
substances, ns indeed they are for glass. This 
is not the ease for bismuth, as tho table shows 
I he matter may he left at that. The arum 
moot was entered into not because it could ho 
pushed to a conclusion—more investigation is 
needed to make that possible—but merely to 
illustrate wherein tlio dilliculties lio. 

_ w. i». ir. 
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measurement, UNITS OF 1 

§ (1) Funuamuntai,Units.—TJ io fundamental 
units mi which nil physical measurements 
aro based are those of muss, length, aiul lime. 
Two systems of units are at present in use: 
the iMolrio system, with the motie as the unit 
of length mid tho kilogramme as the unit of 
mass, and the Imperial or British system, in 
which the yard is the unit of length and the 
pound the unit of mass. TJio system used 
almost universally for scientific purposes is 
that in which the conlimotro (=ono-hundrcdth 
of a metre) i» tlin unit of length, and the gramme 
{= ouo-thounamltli of a kilogramme) is the unit 
of mass. Tins system is known as tho centi¬ 
metre-gram mo-second (U.G.S.) system. 

fl’lio elinicc of units was in the first instance 
arhitrary, and no system Irnaed on actual 
pliysieal ealilies, sueh as tho velocity of light, 
gravitational attraction, etc., is in use. 

Tho most recent values of tho metrical equiva¬ 
lents of the fundamental British units are those 
legalised in the Order in Council of May 10, 
1808. The equivalents of the units of length 
wore obtained liy Bonoit in 18f)£», and of tho 
units of mass by Broch in 18811, at tho Inter¬ 
national .Bureau of Weights mid Measures. 

Tho metric standards of length and mass are 
kopt at the International Bureau of Weights ; 
and Measures in Sevres near Paris, and tho 
Imperial units arc preserved at the Standards 
Oflieo of tho Board of Trade, Old Palaeo Yard. 

i) (2) Units of Lknotu. (i.) The Metre.— 
The metre is dollned ns tlio distance, at. the. 
melting-point of ice, between tho centres of 
two lines ongmved upon tho polished neutral 
wol) surface of a platinum-iridium bar of nearly 
X-shapcd section called the International 
prototype metre. Thin is a copy of tho original 
Bonin platinum standard—the metre ties 
archives —wldeli was intended to ho equal to 
JO- 7 or one ten-millionth of tho length of the 
meridian llirnugli Paris from Polo to Equator. 
According to Cliirko’s figures tho correct 
roluliim is a quadrant:-- l ■ 0007 x 10 7 metres; 
tho mean of tlm values obtained by Hclmcrt : 
and tho U.S. Survey for tho mean polar 
quiulniiit in 1-00021 x 10 7 metres. Tho length 
of tho liar an constructed is now taken as an 
arbitrary standard. 

(ii.) The Yard ,—Tho yard wns defined by 
tho Weights ami Measures Aot, 1878, us tho 
distaneo at lomporaturo 02° F. hetwcon tho 
central IrnuHVorflO lines in two gold plugs in tiro 
I mm 7.0 bar called the Imperial standard yard, 
when supportcil on hronv.o rnllom ho ns best 
to avoid ilexuro of tho liar. Tho bar is of 
1 '•«onto section, and in 1)8 inches long; tho 

mtnlucd in this urtlele 
from tho Computer's 
l Office, to which the 
1 ■'Is. 


defining lines aro at the bottom of two holes 
so ns to he in the median piano of tho bar. 

(iii.) Equivalents ,— 

(«) Metric Units. 

Moire ... 1 m. = 39-37008 in. 

«= 3-280840 ft. 

= 1-0030 L» yd. 

Kilometre . . lkra.= 0-6213712 mi. 


(!>) British Units. 

Milo . . . J mi. <=1609-344 jn. 

Yard . . . 1 yd. = 0-914100 in. 

Foot ... 1 ft. =-. 0-304801) in. 

Inoli . . . 1 in. « 2-54000 cm. 

'Nautical mile (English) 2 1=1863-102 m. (Adm.) 

=6080 ft. 

= 1-1515 statute mi. 


(c) Astronomical Units .—For astronomical 
work it is convenient to uso larger units than 
those defined above. 

Tho astronomical unit iH equal to the semi- 
nmjor axis of the carth’n orbit. 


1 astronomical unit»1-405 x 10 s km. 



= 0-280 x 10’ mi. 

Pureoo. 

. = distaneo at which tho astr. 

'unit subtends 1 soroihI (1"). 
= 2 -00 x 10 s untr. units approx. 

= 3-083 X I0 ,a kin. 

= 1-0158 x JO 13 mi. 

Light-year . 

. —the distaneo travelled hy 
light in 1 yenr (velocity of 
light—2-098(1 x 10 10 cm./sco. 
=••186,320 ini./Hoo.) 

—■ 0-ill pnrsce. 


(iv.) Small Units .—For measurements of 
tho wave-length of light mul X-rays the unit is 
one ten-thousand millionth metre, nnil is known 
as a “ tonth-metro ” or Ilia Angstrom unit. 


Angstrom unit 
Micron . 
Millimicron . 

Mil . . . 


1 A.U.-10- 10 m. 
1 p =Ur° in. 

1 ft/.i = H) ' u in. 

1 mil. = 10 _a in. 


(v.) Ancient French Units .— 


1 loiao-0 ft. . - 1 -040036(1 in. 2-1314918 yd. 

1 Coot =12 in. « 0-3248304 in. » 1-0057401 ft. 

1 inoh =12 Paris 

lines . . =27-0(11)053 nun. = 1-0(1674(11 in, 

1 lino . . =. 2-255820 mm.=0-0882105 in. 


(vi.) .Russian Measures.— 

1 verst-1-00678 km. =0-003 mi. 

§ (3) Units of Auka.—M easures of area aro 
bnsed on tho standard of length. 

(i.) Equivalents .— 

(a) Metric Units. 

Square conlimotro s 1 nm. 2 *= -1550 in. 2 

= -001070 ft. 8 
= -0001100 yd. 2 
10D m. 2 =l are-. 

=0-0088 rood. 

10,000 m. 2 —1 heobnro, 

=2-4711 aore. 

a Sec § (18) " Geodetic Measures.” 
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(/<) British Units. 

1 in.y ■ = 6-45I6 (iin.- 

1 fl - B • - 020 03 cm. 2 

1 .V<U .... =8361-3 cm. 2 

1 llc ‘'« .... =4810 sq. yds. 

= 0-4047 lirclr. 

1 square mile . . ' = 250-008 licr.fr. 

— 2-5!) sq.km. 

§ (4) Vor.UMK {see iiJsit “ Measurements of 
Volume,” Vol. Jir.).~Tho unit of volumo is 
bused on the unit of length, but in many eases 
the legal unit lias boon defined as the apace 
occupied by a certain weight of a standard 
liquid usually water—under standard onn- 
di lions. 

(i.) Metric. —An attempt was made by the 
founders of tlio metric system to correlate the 
two units by defining the unit of mass as tho 
mass of a quantity of water which at its 
tompornluro of maximum density occupied 
1 cubic decimetre ; tho litre or unit of volume 
could then bo defined ns the spuco occupied 
hy a kilogramme of water at its maximum 
density or as tho spaeo occupied by a cube 
with side 10 ooiitlmolros. Tho experimental 
relation now accepted is that 1 kilogramme 
of water at 4° 0., and pressure 7(10 mm., 
occupies J 000-027 e.o. In 1872 tho unit of 
mass was redefined as tlm mass of tlio Inter¬ 
nationa! kilogramme in its actual state, and 
in 11)01 the definition adopted for tho litre 
was the space occupied by a kihigramino of 
water at its maximum density and under 
normal atmospheric pressure (700 nun.). 

(ii.) British. —In British units tlio gallon is the 
unit of volume, and is defined us Ihospaco ocou- 
pied by 1011m, weight of distilled water weighed 
in ail’ ngainst brass weights at a pressure of 
!10 in. and temperature 02° F. Units based 
on tho unit of length are also in common use. 
(iii.) Equivalents, — 

(a) Metric. Units. 

1 e.o. = -01)10 o, in. 

1 litre = 1000-027 e.o. 

= •03531 0. ft. 

« 1-7508 pint, 

= -2200 gal. 

(b) British Units. 


(iii.) Equivalents .— 
(«) Metric Units. 
Kilogramme 
Gminmo . , 

Metric tonne 

(b) British Units. 


1 kg. = 2-2040223 lb. 

1 g. =- 15-432350 gr. 

1 t, = 1000 kg. 

= 2201-022 U>. ■ 
0-0842 ton. 


Pound . 

Ounce (avoir.) 
Ounce (troy nwi 
apothecary) 
Groin . 

Ton 


1 Hi. =453-50243 g. 

1 ox. = 28-3405 g. 

] <>/.. = 31-10348 g. 

1 gr. = 0-06470802 g. 

1 hm= 1-016047 >; 10" g. 


§ («) DiiNsrry.— Tho density of any mib- 
stanco is tho mass of unit volume, and is 
measured in grammes per cubic centimetre, or 
m pounds jior cubic foot. The term specific 
gravity is occasionally used to denote tho 
density of a substance relative to that of 
water. 


1 g./o.o. =02-43 lli./c. ft. 

1 lli./o. ft.= -01002 g,/e.c. 


(i.) Density oj lYaler .—Water lias its maxi¬ 
mum density at 3-t)8° C. wJien pressure is 7(50 
mill. ; lit other pressures the temperature of 
maximum density in given by tlio formula 
t m —.1-08 - - 0225(71 - 1 ), whore p is measured 
in atmospheres . 1 

The density of pm-n water under oao 
atmosphere for different temperatures is as 
follows: 


Tainpemliint n. 

1 >i;iwily n /i 

208 . 

. -1)0030 

273 . . . 

. . -1)01)87 

277 .. . 

. . 1-0000 

203 . . . 

- . -00823 

323 . . . 

. . -0881 

373 . . . 

. -058-1 ’ 


Density of mercury at tho normal freezing- 
point of water = 13-5955 g./e.o. 

(ii.) Density of Dry Air .—Tho density of 
dry air varies with pressure and tomporatiu’e 
according to tho formula 


1 o. in. =10-387 o.c. 

1 c. ft. =28-317 litres = 28317 o.c, =0-22882 gal. 

1 o. yd. = 0-7(145 m. 3 

1 pint = -5082 lit. 

1 gallon = 4-54(10 lit. 

§ (5) Mass, Mkasujie op. (i.) Metric .— 
Tlio International prototype kilogramme is tho 
mass of a cylinder of platinum-iridium, which 
is a copy of tho original IJorda kilogramme— 
tho kilogramme ties archives. This was intoiuled 
to bo equal to tho mass of a cubic deci¬ 
metre of pure wator at its maximum density 
(sco § (4)). _ 

(ii.) British .—Tho Imperial standard pound 
is tho weight in vacuo of a platinum oylindor. 


For dry air free from CO a Rogiutult obtained 
the vnluo 1292-78 g,/m . 3 for p 0 = 7(IO mm,, 
T 0 =273, which gives 

/>=348-32l|, 

whore p is measured in millibars. Tho addition 
of 0-04 per cent C 0 3 increases (lie value of p a 
ky 0-021 por cent, and tho formula becomes 

p=348-304,|j. 

i.e. p= 1201 g./m . 3 approximately at 1000 mb. 
and 200 a. 

ll)18^p^22 ,Ul ^ysteal lnlfl Chemical Constants, 
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(iii..) Density of Damp Air. —Tim density of 
dump nil' may bo obtained from the density 
of dry air l>y means of the formula— 

Pl fp-o-:ma) 

/J “~. i> 

whore />j, in tlio density of dry air, 
p is the total pressure, 
e is the vapour pressure. 

Honco p=348-301 ?> 

§ (7) Time, Meahuuk ok. —Tlio standard of 
time is derived from the period of the earth's 
rotation, and tlio unit of time in both metric 
and British systems is tlio mean solar second 
which is equal to 1/24x00x00, i.e. 1/80400 
mean solar days. 

A true solar day is defined as the interval 
between successive transits of the oontro of 
(ho huii’h disc over a inoridian, but this interval 
varies throughout tlio year, and in order that 
tlio civil day may bo of uniform length, 
standard time is measured with rofercnco to 
a “ mean sun " which is supposed to revolve 
uniformly round tlio earth in a linio equal to 
tlio uvorago length of the true solar day. 

(i.) 'The mean solar (lay on whioli Iho defini¬ 
tion n£ unit time is based is therefore dolined 
as the average interval • botwcon successive 
transits of the centre of tlio sun aoross any 
given meridian. 

(ii.) The tropical or solar year is tlio avorago 
interval botwcon successive passages of the 
sun across the flint point of Aries (the first 


of rotation of the earth with reference to the 
fixed stars—the valuo is 23 hours, 56 minutes, 
4-0006 seconds . 1 

(v.) Tlio Sidereal Year is the time interval in 
which the sun appears to perform n complete 
revolution with reference to the fixed stars. 

(vi.) Equivalents .— 

J tropical or solar 


year 

= 305-2422100 moan solar days. 

1 sidereal year 

= 300-2GG4 sidereal days. 

= 3(15-2564 mean solar days 
(epoch 1900). 

1 mean solar day 

=86,400 sec. 

=0-002737000 mean solar yenre. 
■=1-00273791 sidereal days. 

= 24 liv. 3 min. 56-06 Bee. in 
sidereal timo. 

1 sidereal day . 

= 86, 164-0900 sec, 

= ((■1)9727 mean solar days. 

= 23 lie. 56 mill. 4-Oi) sec. in 
mean time. 

If 1 year . 

=360“, 

1 mean solar day = 0 n 50' 8-33''. 
1 week . . =6° 53' 58". 

30 days . . -20° 34'10". 

1 hour 

= 1-140705 xl0"‘ year. 

=0“ 2' 27-847". 

1 minuto . 

= 1-00132 xf0-° year. 

= 2’4C4". 

1 second . 

= 3408800x I0' B year. 

= 0-041000" 

Is-ngth of (lie 
■30-13920 in. 

Bcoonda pemliihnn in London 


(vii.) Rotation of the Earth .— 

Rolativo to a star . w=0-00007202 r./s. 
Relative to tlio Him . 1 hr. = 1/5°. 

1° =4 min. 


point of Aries is tlio 
point of intersection of 
tlio 001 ostial equator 
wi.tli the eoliplio where 
the sun orouses tlio 
equator from south to 
north}. 

(Iii.) The Civil Year. 
— According to the 



Revolutions. 

Radians. 

Degrees, o.to. 

Sidereal day. 

Mean solar day . 
Bom- . 

Minute . 

Second . 

1 

1-00273701 
4-178075 X 10-' 
0-003458 x 10 - 1 

1-100576 x 10- 6 

2 ?r 

0-300388 

2-025102 xlO - 1 
4-376270 x 1 ()- 3 

7 202110x10-® 

300° 

3 00-08505° 
175-01107° 
15*01107' 
15*01107" 


Julian calendar the civil year contains 365 
days for threo successive years, tlio fourth 
year containing 3(1(1; a further correction is 
mado by which a century year contains 366 
days unless divisible by 400, when it oonlnitiB 
366. 

Tlio avorngo value of tlio civil year 
365 x 303 •!- 3(10 x 07 
400 

=305-2425 days, 

and is accordingly approximately equal to the 
solar year, which contains 36fi-2'l22 mean solar 
days. 

(iv.) Tlio Sidereal Day iH dolined ns tho 
iutorvnl between two cnnumitivo transits of 
tho fust point of Aries across any soloctod 
meridian, and is therefore equal to the period 


§ ( 8 ) iStandaki) Timk.— For tlio British 
Isles and tho groator part of Western Unropo 
(Franco, Belgium, Spain, and Portugal) Green¬ 
wich Mean Time is tho standard and is known 
as G.M.T. or W.I5.T. (Western European Time). 
For other countries a system of zone time has 
Leon adopted in whioli tho time is referred to 
some standard inoridian chosen no that tho 
difference between tho standard timo for tho 
zono and G.M.T. is a whole number of hours 
or half-hours. Thus zono 0 lies between 
7-i W. and 7} E. and keeps tho timo of meridian 
0°, i.e. G.M.T. ; zono 1 lies botwcon 71 W. 
niul 22J W., and keeps tho timo of meridian 
15° W., i.e. ono hour behind G.M.T. ; zono 

1 Owing to tlio 11 precession ” of the eartii’s axis tlio 
trim period of the earth's rotation Is approximately 
•01 sous, longer than tlio sidereal day. 
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- I in Imtween 7.V E. nml 22.1 13., and keeps 
tlio times of iiicridism lo 0 It, 011 c lionr in front 
of O.iM.T. Some adjustment of the /.ones is 
made on account of political boundaries, 

(i.) Local Mean Time.-— In order to convert 
time in (1M.T. into local mean tiino add 4 
minutes for end) degree of longitude for places 
oust of Greomvieli, and subtract 4 minutes for 
onoli degree for places west of Greenwich. 

(ii.) Apparent Time.— Time based on the 
length of tlio true solar day is called “ apparent 
time, and it is this which is measured by a 
sundial or sunshine recorder. In order* to 
obtain local apparent time from local mean 
Limo a correction must he applied, known as 
tlio equation of lime, 'The correction is store on 
April 1(1, Juno In,September I, and December 5, 
reaches maxima of -t-1(1 minutes 21 seconds on 
November 11, and 4- .‘1 minutes 40 seconds on 
May 14; and minima of - 14 minutes 26 seconds 
on February 12, and ~<i minutes 18 seconds 
on July 2(1—a positive sign meaning that the 
value is to bo added to mean time to obtain 
apparent limo, and a negative sign meaning 
that tlio value is to bo subtracted. Accurate 
values of the equation of time for each day 
arc given in the Nautical Almanac. 

(iii.) Sidereal Time. —If a great circle be 
dm wit from the pole to a star, the angle this 
hour circle makes with the meridian is termed 
the hour ani/lc, Tlio hour angle west of the 
Jirsl point of Aries, turned into time at the 
rate of ir>° per hour, is known as sidereal time. 

(iv.) Summer Time.— Since li)l(i it has been 
tlio practice in most countries of Western 
Europe to use Summer Time, which is 0110 
hour in advance of O.M.T. The period nvor 
which summer time extends varies in different 
countries and from year to year, 

§ {()) Muaspukh ok Anoi.k,—T he symbol tt 
is used to douoto the ratio of the eiroumferonoo 
of a circle to its diameter. 

7r«3-141/)02(W», 
lug irMMimn, 

-“■04118300880, 

jr 



(i.) The Radian. —Tlio unit of measurement 
for angles is tlio radian, which is equal to tlio 
nnglo subtended at the centre of a oirolo by 
an are of longth equal to the radius, 

7r radians-'180°, 

1 radian -57-20578° 

—C7° 17' 44-81", 

1° . =0 017453 radians, 

(ii.) The Point. —Wind dirootion is often 
measured in points whoro 

1 point =» a V (300°) = 111°. 

§ (10) Vnr.oomr, Measuiuo or.—The velocity 
of a body is defined ns tlio ratio of tlio distanco 
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moved through to the time that is taken ; 
the unit of velocity is such that unit distance 
is moved through in unit time, and is accord¬ 
ingly fixed by tlio fundamental units of space 
and limo. 

In tho metric system vclooity is measured 
in cenlimctros per second ( 0 . 0 . 8 . unit), metres 
per second, or kilometres per hour; and in the 
British system in feet per second, miles per 
hour, or knots. Tho unit chosen depends to 
a large extent 011 the magnitude of tlio quan¬ 
tities to be measured. 

.1 lie equivalents of the several units are as 
follows : 

(i.) Metric Units .— 

Conti metro per second: I cni./a. =0 0328084 ft./s, 
=--(>•0223(g) mi./lir. 
-0-010135 knola 

Kilotnolro per liour: 1 Ion./hr. =011213712 mi./lir. 

(ii.) Jirilish Units.— 

Foot jior second i 1 fl./s, =0-301800 m./s. 

Milo pur hour : 1 mi./hr. =.0-44707 m./fl. 

=■1(101)341 km./la-. 

Knot. . . ’ knob = 1 nnii Ileal mi le/lir. 

~ 1-1515 mi./hr. 

= 0-51453 in,/«. 

(iii.) [ rlor.it 1 / of iijhi. —The moan value of 
tho velocity of ligL. in vac.no is 2 -l)!)H<> x 1 U"> 
cm./Koe. -18(1,32(1 mi. /hoc. 

(iv.) Antpdar vchr.iljf is measured in radians 
per second (! radian ~fi7-2(M n ), or in the 
number of revolutions |xir unit time. 

§ (II) Acoioi.khation, Mrahuub or.—The 
unit of acceleration is such that in unit time 
the velocity changes by unit amount, and it 
depends therefore solely upon the units chosen 
for longth and time, and lias dimensions, 
velocity/time, i.e. L/T 8 . 
u (i-) Metric Units.— Tho O.Q.S. unit is the 
“ gal.,” which is 1 centimetro por second por 
second. 

I gal. =1 om./8. B =0 0328084 ft./a. 3 
1 It-o. =1 dent metre per second por second. 

1 milligal. = 10 -8 0111 ,/a . 2 

= 10 inioron/fl . 2 

(ii.) Jirilish Units .— 

1 foot por second pur second=30-4 800 cm./a . 8 
For acceleration of gravity, seo § (171 
“ Gravity.” 

§ (12) FoiioK, Measuuk of. — Force is 
moasured by tlio acceleration produced in 
unit mass, and unit force is that which would 
produce unit acceleration in unit mass. Force 
may also bo measured by change of momentum 
per unit time, and 1 ms thereforo tho dimen¬ 
sions of mo)nontum/timo=ML/T 3 . 

(i.) Melric Units. —Tho unit on tho G.G. 8 . sys- 
tom is the dyne, or tho force which accelerates 
or retards the velocity of a mass of 1 gramme 
by 1 0111 . por second per second. A gravita¬ 
tional unit whiqh is tho weight of 1 gram mo is 
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•also vised; it is equivalent to tj dynes, and 
therefore varies with latitude anil height above 
sea-level (see $ (17) “ Gravity ”). 

(ii.) British Unite. —The British unit is tlio 
“ poumlnl,” the force which iu one second 
retards or accelerates the velocity of a mass 
of 1 lb. by 1 ft. per sec. per sec. The corre¬ 
sponding gravitational unit which is commonly 
employed by engineers is the weight of 1 lb. 
~-y ] mu ml ids. 

(Hi.) Equivalents .—• 

1 dyne . . = 1 gramme contitnotro per second 

per second. 

--weight of '00102 g. 

»7*233.'<10- 6 pound ills. 

1 gramme weight=0H0-(i dynes nt Intitudo <15°, 
=-1)81-2 dynes at London. 

=1)781 dynes nt llio liqnutor. 

=081! dynes at the Polo. 

1 pomulnl . = 18,825 dynes. 

1 pound weighl «32d72 poimdnU at sea-level in 
In ti tilde •IS". 

=4-lfi x 10 s dynes. 

§ <IU) WoitK and ISnhiuvy, Measure of.— 
A force is said to do work wlion its point of 
application moves in the direction of the force, 
and the work done is measured by the product 
of the fimio and tlio distance through which 
the point of application moves. 

Energy is measured by tho work which a 
body can do; it may take fcho form of: 
Potential onurgy or onorgy of position, 
Kinolio onorgy or energy of motion, 
Thermal onorgy or onorgy of heat. 

(i.) Metric Units .—Tho unit on tho C.G.S. 
system is tho org, which is tho work done by 
a forco of 1 (lyno when its point of application 
is moved through 1 cm. ; usually a unit 
I0 7 orgs~-l jaulo is used. A practical unit is 
tho hilogminino moire, which dcjionds on tho 
vuli io of g. 

(ii.) British Unite. —Tlio ’British unit is tho 
“ foot'poumlal;" with a corresponding gravita¬ 
tional unit tlio foot-pound, 

(iii.) Equivalents (r/~1)SI cm./s. a ).— 

1 org . . . . >=gmmmo (ecntlmutru per 

second ) 8 . 

-8-3791 x 10-“ fooLpcmnduLs. 
==7-B7B x !<)*« ft. Hm.* 

1 joule . . . —It) 7 rags. 

1 kilogramme metro =10® grammo cm. 

— 0 X 1 ( 1 ° orgs= 0 ' 8 I x 10 7 
ergs.* 

1 Hoard of Trade Unit 
(li.T.XI.) . . =1 kilosvalt-lmor. 

=3-0 x JO 13 ergs. 

Font-pound : 1 ft. 11>, = 1382T> gram. om.. 

= ]-3fflJ2xl0 7 ergs.* 
Font-poimdnl . . =4-2130 x 10° ergs. 

Eiiol-ton . . . =2240 ft.-lbs. 

■=>3-007 x 10 7 g.am. 

=3-0380 xl0"> ergs* 

Nole .—Tlio values marked with an asterisk (*) nro 
dojiomlonton (lie valtio ef tlio acceleration of gravity y. 


(iv.) Rate of Working. —The rate at which 
forco docs work is measured in units of work 
per second. 

On tho O.G.S. system tho unit i» 1 org per 
second or g.(cm./s.) s /s. Tlio practical unit is 
tlio “ watt,” which is equivalent to 1 jonlo 
per second. 

In British units tho common unit is tho 
lior.se-power = 050 ft,-lbs. per second. 

(v.) Equivalents .— 

1 watt . . = 1ft 7 erg/s. 

= 1 joulo per second. 

= 1 -34 x 10" 3 liotwo-povccr, 

1 horse-powor . =>0150 ft.-lbs. per second. 

=7-40 x 10® org/B. 

=740 watts. 

1 forco do oboval = 7'3G X 10® erg/s. 

§ (14) PRESSURE, Measure of. (1.) Units. 
—Pressure is tho forco per unit area which 
any liquid or guH exerts on tho surface in 
contnot with it. Tlio unit of pressure is that 
produced by unit forco acting on unit area, 
and on tlio C.G.S. system is n forco of 1 dyno 
por square centimetre, on tho British systom 
a forco of 1 pomulal por square foot. Units 
doponding on tlio value of g, such as 1 
grammo weight por Hquaro ccntiinot.ro or 1 lb, 
weight por square foot, arc also in common 
1180 - 

(ii.) Barometric Pressure. Bar and Milli¬ 
bar. —After tlio introduction of tho baromotor 
pressure camo to bo measured as tho length 
of a column of fluid, usually mommy {sco 
“Atmosphere, Physios of,” § (1)); and this 
length was subsequently corrected for varia¬ 
tions in tlio valuo of g and of temperature. 
Tlio relation botweon tho “ mercury - inch " 
and the “ inormiry-miilimotro ” and tho valuo 
of pressure in units of forco is obtaiuod from 
tho equation 

Ipg —pressure in dynes per sqiuiro oontimotro, 

whoro l is the length of tho column in centi¬ 
metres, p is the density of mercury in grammes 
per cubio ncnliinotro, g is the acooloratinn of 
gravity in om./s. 2 

Moro recently tho practice has bccomo 
established of measuring tho pressure of tlio 
atmosphere in units of forco, npd for this 
purpose tho millibar, which is equivalent to a 
pressure of 1000 dynes per square centimetre, 
has ooino into uso in the British Isles (sco 
“Millibar”). Tho normal atmosphorio press¬ 
ure nt sea-level is 1013-2 millibars, which 
differs little from 1 bar. In tho United 
States tlio “ bar ” is taken as equivalent 
to I dyno por square centimotro, and tho 
pressure of tho atmosphere is m ensured in 
kilobars, which are equivalent to tho English 
millibars, 
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{iii.) Equivalents .— 

0 . 0 . 8 . 

1 dyne pci-sq. om, = ] miorolmr ( = 1 bar U.S.A.). 

=i"ir>x io _ “ Um,/h([. in. 
=2'i)fi30ftx l()' r ’ lUL'iciiry-iiMiliis. 
=7-6(1070 x 1 1 ) -1 mercury -milli- 
molrca. 

1 millibar . . <= 1000 dynes par square onnti- 

mol.ro. 

= 1 kiloImr (U.S.A.). 

1 contibitr . . = 10 millibars. 


liritish Unit. 


Mercury-inob . =1 inch of mercury at 315° F. 

in latitude 45°. 

=33-8032 mb. 

Moroury-millimotre=l mm. of mercury at 0° C. in 
latiludo 'In 0 . 

-1-333200 mli. 

7110 mm. -1013-231 mb. 

1000 mb. ira l-l-'iDfl lb./in. a r , 

-2087-12-1 Ib./fl, 2 /"* Lol " lon ' 

1 Ib./sq. in. —08.071 dynea/om.'-—70-31 gin./om." 

1 toti/Hf|. in.— 1-0-115 x llF dynea/oin, 9 = 1-676 
kgm./mm.‘ J 

Itussian Half-linen (normal at 02° F.). 


1 Imlf-liiie -1-08801 mb. - -0-11)8 in. 
000 half-lines-1012-801 mb. 


Tim Htamlanl “ atmosphere ” is equiva¬ 
lent to 

700 mm. mormiry at 0° (?., Inf.. -15", ami Hen-level. 

-700-1 mm, moroury at 0° (!. in London. 

-=20-02 in. monniry at 0° lat. -15", and sea- 
level. 

- 1-0132 x .10" dynes per urn. 3 

1-1-7 lbs, pm- Ki|. in. 

«(MM- tons per aq. ft. 

§ (15) TuMVHiiATirui-:, Mkahuui-] of. —Thrco 
arbitrary scales lira in uno for the measurement 
of temperature, viz. tin* Oonligrado, tlio 
Fahrenheit, ami tlio RAuumur. In all the 
fixed points of tlio scale are—(1) the tem¬ 
perature of ieo when molting under standard 
atmospheric pressure of 7(10 nun. (1013-2 mb.); 
and (2) the tompomturo of steam from water 
boiling normally under pressuro 7(10 nun. 
The Houles dilTor, however, in the numnrienl 
values assigned to these two lompom- 
tures, and consequently in tho size of the 
degree. 

(i.) Centigrade .—-On the Centigrade scale, 
which is now used almost universally for 
scientific purposes, tho temperature of molting 
ioo is taken as tho zero, and tho temperature 
of hoi ling water as 100°. Temperatures on 
this scale are denoted by °0. following tho 
vutuo, and for values below the melting-point 
a negative sign is prefixed. 

(ji.) Fahrenheit. — On the Fahrenheit scale, 
which is commonly used in tho British Isles, 
tho melting-point of ice is 32° V., and tho 
boiling-point of water is 212° If. The soalo 
was originally introdnood by Fahrenheit in 
tho early part of tho eighteenth century. 


Tho zero denoted tho lowest temperature then 
reached, viz. the temperature of a mixture of 
ieo and salt, and the normal temperature of tlio 
human body, which was found to be nearly 
constant, was taken as 24°, tho melting-point 
of ice being 8”. The si/.o of tho degree was 
then reduced to one-fourth, and tho fixed 
points became 0°, 32 n , and 9(1°. The scale was 
subsequently redefined to agree with the centi¬ 
grade scnlo at 0° O. and 100° 0. 

(iii.) The Itcauimir Seale.—On this scale the 
melting - point of ice is indicated by 0° It., 
and the boiling-point of water by 80° It. 
Tho sonlo was until recently in common use 
on tlio Continent, but is gradually being 
replaced by tho contigrado scale. 

(iv.) Absolute Scale .—Tho absolute scale of 
temperature, sometimes known as tho thermo¬ 
dynamic or work scale, was originally intro- 
duced by Lord Kelvin, and is based on a 
consideration of tho amount of work which 
can bo obtained from a beat engine for a 
| givon supply of boat. Tho zero is such that 
a heat engine working botwcon any source 
ami a receiver at tho zero of temperature 
would convert all tho heat taken in into work 
(see “ Thermodynamics,” §§ (21), (22)). 

If tlio size of tho degree is taken as equal to 
that on tho centigrade soalo the temperature 
of itbsolulo zero is approximately - 273° 0.; 
for degrees on tho Fahrenheit scale tho tem¬ 
perature of absolute zero is -4. r >9-44 0 F. 
The contigrado thormodynaniic scale is adopted 
as fundamental by tlio National Physical 
Laboratory in view of resolutions of tho Fifth 
(ionoral Conference of Weights and Measures, 
It) 13. 

Tho scale of the hydrogen gas thonnomotor 
at constant volnmo is nearly coincident with 
the work scale. Some of tho more recent 
values for tho absolute tompomturo of tho ico 
point on tho hydrogon scale are 273-14 (Onl- 
iondar, 1003), 273-05 (l)orthclot, 1907), 273'00 
(Buckingham, 1008), 273*13 (Roso-Innos, 

1908). 

Tho name “ Torccntcsimal ” has been sug¬ 
gested for an approximate ahsoluto scale, 
taking tho zoro ub --273° 0., and “ Qiiingoiito- 
simal ” for a scale in Fahrenheit degrees 
measured from -459°]?. 

(v.) Kilograd Scale.—A fifth scalo recently 
suggested by Professor McAdio is ono in which 
tho zoro is taken at -273° C., and tho degree 
ifl ono - thousandth pait of 273 contigrado 
degrees s the normal freezing-point is there¬ 
fore taken as 1000. 

(vi.) Equivalents .—Tho relations botwcon the 
scales are as follows i 

(•'. = g(F~ 32)=-JR=A - 273 (approx,), 

F. = 32-|- EC-32 + JR-EA “ 450-4, 

R, = S(F-32)-^H,(A-273). 

A. - 8(450- 4-|-F)=273 +C--8(218-4-1-R). 
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r J?lio relation between t-lio size of the degrees 
on the four scales is 

i o o=i u A=s°r=r it. 

§ (lit) 11.BAT, MlJAHUlUO OF (JlJAKTITV. (i.) 
Units. —The empirical unit for tho measure¬ 
ment of cpinntity of licat is the amount of heat 
inquired to rniao the tuinpnraturo of unit mass 
of water through one degree, and depends on 
the unit chosen for the measurement of mass 
and on the Honlc of tempera turn. 

In physical investigations the unit of heat 
is the gramme-caloric, or the heat required to 
raise 1 gramme of water through a temperatero 
of 1" C. 

The unit of heat in .British units, known 
as the lirilish Thermal Unit, is the quantity of 
boat required to raise the temperature of 1 lb. 
of water through 1° F. 

Tiio unit of heat so defined is not tho same 
at different points of tho scale, and for pre¬ 
cision the limits through wliic.li tho tomporu- 
fcuro is raised must bo speedier!. Tho unit 
used by Uogmuilt—tho “zero-grammo-calorie ” 

•—wiih tho quantity of licat required to raise 
1 gramme of water from 0° to 1° G, Tho 
20" 0., and 15° 0. calorie, are also used to 
donoto tho value of the calorie for T = 20° G 
mid T ~ir>° G respectively. More recently 
I’rafesHor Callondar lias defined the “ mean 
oalorin ” as ono-tonth of tho quantity of heat 
required to raise l gramme of water from 
288 a. to 208 a.—15° 0. to 2f>° C, ; the samo 
term is, however, Bomotimcs usoil to donolo 
olio-hundredth of tho heat required to rniso 
1 gramme of water from 2711 a. to 878 a, 

1 British Tliormnl Unit =>777 fl.llw. = 252-OOe»lorlo3. 

1 calorie . . . -1HMXHI7 U.TIi.U. 

Tho largo calorie, or 

major ualorio . =1000 calorics. 

(ii.) Dynamical JSt/uimlcnl of Heal. —When 
it bona mo recognised that heat is a form of 
energy, it beoamo possible to connect tho 
empirical units defined above with tho funda¬ 
mental units of mechanics. Tho relationship 
depends on the experimental determination 
of the moohanioa! onorgy equivalent to a 
certain quantity of heat, a quantity which has 
(jomo to lie known as tho Mcuhauieul or 
Dynamical Equivalent of Ileal. 

The fundamental relation is 

l mean caloric (273 U.-283 n.)=4-lfil joules. 

1 20° ualorio. . . . =4-180 joules. 

Tho reciprocal of the dynamical equivalent 
usually denoted by A “0-239. 

(iii.) Capacity for Heal. —The capacity for 
heat of any substance in calories (or B.Tli. 
Units) is tbo quantity of heat required to 
raise unit mass through I" G (or 1° F.), 

(iv.) Specific heal of a substance is tho ratio 
of its capacity for boat to tho capacity for 


heat of water at some standard temperature. 
For standard temperature 293 a. the speoilio 
heat is numerically the same as tho capacity 
for heat in calories per gram per degree. 

(v.) Specific Heal of Water. 1 —Tho value of 
the specific heat of water at various tempera¬ 
tures is ns follows (Kayo and Laky for 20° 
calorie): 


Temperature. 

Specific (Teat. 

Joules, 

273 ft. = 0°(). 

1 -0001 

4-210 

283 a. = 10° 0. 

] (X>27 

4-101 

203 n. = 20° C. 

1 -0000 

4-180 

303 «.= 30° 0. 

■0087 

4-175 

313 a. = 40° (*. 

■0082 

4-173 

323 a. = 50° C. 

■0087 

4-175 

333 a. = (i()° t!. 

1 -0000 

4-180 

3-13 a. = 70° tt 

1 (KUO 

4-187 

353 a. = 80° 0. 

1 -0033 

4-10-1 

303 a. = 00° 0. 

] 0053 

4-202 

373 a. = 100° V. 

1 -0074 

4-2)1 

303i>. = 120° (J. 

1-0121 

4-231 

413 a. = 140° 0. 

1-0170 

4-254 

433 a. = 100° (J. 

1 -0238 

■( -280 

453 a. = 180° 0. 

] -0308 

4-300 

473 a. =200° C. 

1 0384 

4-341 

403 a. =220° 0. 

1 -0107 

4-370 


Tho specific boat of sea water at 290 a. =0-04, 
iec at 2110 n. = 0-502. 

(vi.) Specific licat of (Jasea, —The Hpmillio 
heat of gases Jins different values according as 
tho temperature is raised at constant pressure 
or at constant volume. 

Dry air at constant press¬ 
ure at 203 n. <0„) . =0-2417 (fiwnim, 1000). 

.Dry air nt constant volume 
((!„) at 273 a. . . = 0-1715 (July, 1801). 

Water vapour at constant =0-4(152 (Hal horn and 
pressure at 373 a. . Henning, 1007). 

Water vapour at constant 
volume at 373 a. . =0-340 (Pier, 1001)). 

Tho ratio of the specific heats, usually de¬ 
noted by k or y=C p fC v , is a quantity of seme 
importanoo. 

Velocity of sound in any gas • "= \Ay. p/p. 

For a gas expanding adiabatically = const. 

T/p <y-1)/y =ootiHl. 

For dry nir . ... 7 =.]-40 

ly— l)/y = -28U. 

(vii.) Latent Ileal.—The latent heat of vapor¬ 
isation is the amount of heat required to change 
1 gramme of substance from liquid to vapour 
without ohnngo of tomporaturo. 

Latent licat of steam at 273 a. =507 calorics. 

=2405 joulcH/g, 

Latont heat of steam at 373 a. =530 calorics. 

=2252 jaulc 8 /g. 

1 .For n discussion of tills quantity and values In 
terms of a 17-5 3 0. enlorlc, see “licat, Moclmnienl 
Equivalent of," §§ (7), (0). 
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Tho formula connecting latent heat mul 
temporaturo givon by Smith 1 is 

L.j, — 597*2 - ■5R()('1 I - 27,'t), where L is in calories. 
L,,, — 2495 - 2-43(T - 2711), where L is in joules. 


The htlc.nl heal of funion is tho quantity of 
heat required to convert l gramme of sub¬ 
stance from solid to liquid without change of 
tempera turo. 


Lnlont heat of 1 grarnmu of walcr*=70-77 calorics. 

=■333-4 joules/g, 


1 } (17) 0 iia vi'i’v, Mkasuhio of.—T ho law of 
Universal gravitation is that every body 
attracts every other body with a force which 
varies directly as the product of tho two 
masses and inversely as tho square of tho 
distunen between them. 

(i.) The constant of gravitation is tho constant 
O in tho law of attraction set out above, and 
is defined by tho equation 


r ,. ...mass x mass 
. 1 ) nice of attraction = < } - - , 

(dist .) 3 

Cf =0-6fi70 x 10-" em, a /g.s. a (Hoys). 

(ii.) The acceleration of gravity is the accelera¬ 
tion produced in any body by tho force of 
the earth's attraction; as aotiiully measured 
the acceleration is that due to 'the earth’s 
attraction minus tho centrifugal force of tho 
earth’s rotation. 


Owing to tho fact that tho earth is not 
perfectly spherical in shape, but is more 
nearly a spheroid, and also on account of tho 
variation with latitude of the centrifugal force 
of tho earth’s rotation, and tho irregularities 
in tho density of tho earth’s surface, the 
formulae giving tho variation of g over tho 
earth’s surface nro complicated. 

A formula of tho following form is givon by 
Holmorb: 


ff“»A(I -i-.il sin 



2 h Mo h'(S-O) \ 

R" I 2R A" 2RA +y )> 


whore ,/, is tho latitude, It tho moan radius 
of tho earth, h — height above sea - level, 
A'= thickness of surface strata of low donsity, 
A = moan donsity of tho earth (fH( x density 
of water), 5“moan density of surface strata 
( 2-8 x donsity of wator), 0 =notuul density of 
tho surface) strata in tho region, y—oro- 
graphioal correction duo to neighbouring 
mountains. 


Assuming that 5—0 and y is negligible, wo 
obtain 


0-980-017(1 -'00200 cos 20) (l 

whoro // = 9S0-017 is tlio valuo uf gravity at 
sea-lovol in latitude '15°. 


Putting R = 0-37 x 10° metres, 

0 = 980-617(1 - -00259 cos 20)(l-l-96 x 10 ~Vi), 
whoro A is in metres. 

1 P/ti/8, llev„ 1007. 
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In British units, putting 11 = 2-01) x HP feet, 

g =32-172(1 --00259 cos 2 </>)(l -5-97 x lO’ 8 /)), 
whore k is in feet. 

The abovo formula applies to places on 
tho earth’s surface at different heights 
abovo sea-level, and takes account of tho 
additional attraction of the high ground; 
for points above the earth’s surfnec the factor 
R 2 /(Il + A ) 3 = J/(J H-A/R) 2 , which is approxi- 
mately equal to 1-2/i/R if A/R is small, 
replaces 1 - 5A/4R. 

(hi.) Centrifugal Force of the Fatih's Ratal ion. 
—On account of the rotation of the earth the 
acceleration produced in any body is the 
resultant of the acceleration produced by the 
gravitational attraction of the earth, anil tho 
acceleration produced by tho centrifugal force 
of tho rotation. This latter component is 
equal to - Rw- cos 2 </>, whoro R is the radius 
of the onrth and u tile angular velocity. 

At tho equator 11 = 6-377 x 10 8 cm., and since 
m= 7-292 x 10~ s i-./h., 

.-. R« a = 8-30 om./s. 8 , 

bonce for latitude t/> tho valuo of g is diminished 
by Uw 3 cos 2 0 , f.e. by 3-39 cos 3 0 om./s, 3 , on 
account of the rotation of tho earth. 

ii (18) (Ikooktio Muasuhks. (i.) The 
Nautical Mile.— According to the definition 
adopted in England and tho Unilcd States, 
the nautical milo is equal to the length of 
one minute of am of a great circle on a spherical 
earth assumed to have the sumo area as 
Clarke’s ollipsoid (see below). 

On tho Continent the terms “ nautical 
milo ” and “ geographical milo ” aro inter- 
elmngoablo, and hotli are defined as tho mean 
length of arc of one minute of latitude) which 
varies from 1842-7 m. at the equator to 
1801-3 in. at tho poles. 

Adopting tho English definition for nautical 
milo, 

' Nautical milo . ■=» 1853-152 m. (Admiralty). 
p-11080 feet. 

=1-1515 Htntuln miles. 

Geographical niilo = 1852 m. (Anmiaiie ilu Ihircnu 
Central des longitudes). 

= 0070-8 feet. 

(ii.) Clarke's Ellipsoid. —The surface of tho 
planot ns dotormiued by 11 sou - level ” is 
approximately an ollipsoid, known as Clarke’s 
ollipsoid, with axes ns follows : 

Somi-pnlnr axis 
Somi-cqufttorial 


and according to Clarke’s 

1 quadrant= 10,0t,,, 




m 


MECHANICAL EFFICIENCY—MECHANICAL POWERS 


The values of the nulii have also heon given 

aw follows: 



Equatorial 
Nad Ilia. 

Polar 

Radius. 

(Jin rise, 1880 

Jfclmert, 19011 . . 

U.8. .Survey, 1900 . 

in. 

0,378,240 

0,378,200 

0,378,388 

m. 

0,350,515 
‘ 0,350,818 
0,350,009 


(iii.) Geodetic, GoiustanU .—Tito mean polar 
quadrant = 10,002 kilometres (dotormined /rum 
n mean of Holmort and U.8. Survey), 


Valua of a: Equator 
Lilt. •IS 0 
London 
l’olo 

Mean density of earth 
Mean density of snrfii 


. =978-024 om./B. 2 

= 080-017 om./H. 2 
, =981-19 ctn./fl. 2 
. =083-210 oin./n.~ 

. =5-5 g./c.c. approx, 

t of 


earth .... =2-05 g./e.o. 

Volume of earth . . = l-082x l() ai m. 3 

Muss of earth . . . «5-08x 10” «. 

=5-87 X 10 ai tons. 

Area of Intul (estimated). = 145 x 10"* cm. 2 

Area of ocean (estimated) =3-07 x 10 18 cm. 2 

Mean depth of oucan 
(Murray) . . . =3-85 x 10 G om. 

Volmno of ocean . . = 141 >: 10 24 o.e. 

Mass of ocean . . . = 145x 10 M g. 

Mass of the atmosphere . =5-33 x 10 81 g. 

Velocity of a point on the equator duo to (ho 
earth’s rotation = Rw=4-(>4x 10 4 oms./s. a or 1037 
miles per hour approx. 


LliNOTII Of 1° OF T.ONOITUDB IK DIKKKUKNT 
Jwvrmnuis 


Latitude. 

Metres. 

Nautical 

Miles. 

.Miles. 

0° 

111,307 

00-004 

00-104 

10° 

H)9,027 

50-157 

08-120 

20“ 

lOt,035 

50-403 

(15-018 

30° 

110,475 

52-000 

59-048 

40° 

85,384 

40-075 

53-050 

50° 

71,087 

38-084 

44-545 

00° 

55,703 

30-107 

34-009 

70° 

38,182 

20-004 

23-720 

80“ 

10,301 

10404 

12-019 

00° 

0 

0 

0 


(ii.) Moon .— 

Distance . . . =00-27 x earth’s radius. 

Mas* .... =-gj-g-x earth’s mass, 

Diameter . . . =21(13 miles =348I lua. 

Inclination of moon’s 
orbit to ecliptic . = 5° 8' 43*. 

_ K. M. A. 


Mechanical EmoiHNCY. Sco “ Potrol Engine, 

Tho Watcr-coolod,” § (4). 

Mechanical Equivalent op Heat: iho 
amount of work (J) which mi ml, h ( . 
expended in tho production of unit 
quantity of heat, if tho work is, wholly 
converted into heat. In tho uhsolulo 
(C.fl.S.) system J=4-1808 x ltd orgs per 
gramme-calorie. On the British syslom 
,1 = 777-8 foot-pounds ]ier B.'JHJ, Thin 
assumes 1400 foot-pounds (in the latitude 
of London) as equivalent to one menu 
pound-calorie. .If wo nssumo tlio standard 
thormnl unit to bo tho energy required lit 
raise one grammo of water from 17“ C. h> 
18° (J., then J = 4-185 x It) 7 orgs, and 
nssuming (7=4)81, its value is 252-0 lain, 
gram mo-metros, or on tho British system, 
777-0 foot-pounds, >Seo also “’.[lent, 
Mechanical Eqnivatentof,”§())); “Thermo, 
dynamics,” § (3). 

Comparison of Reliahlo 'Determinations of. 
Seo “Heat, Mechanical Equivalent of," 
§ ( 0 ). 

Criticism of Discrepancies in Values of, 
Boo ibid. § (3). 

Discussion of Data of Various Doloriniim. 
lions and Solootion of Reliable Values. 
Sco ibid. § (3). 

Direct Determination Experiments, Bee 
ibid. § (4) (i.). 

Indirect Molhods of Determination of, 
Beo ibid. § (fi). 

Joule’s Method of Determination of, Beo 
ibid. § (4) (i.). 

Summary of Methods of Determining. Bee 
ibid. § (7). 


§ (10) 
Sun .— 


Astronomical Constants, (i.) 
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.llibtanco from earth .- =1404 x.I(> 11 m. 

=0-282 x 10 7 miles. 

Mass .... - 320,320x earth's mass, 
. Equatorial dlamotor an¬ 
gular . . . . =32' 2*-3G. 

=805,080 miles.* 

= 1,303,338 km. 

Mean Minn taken by light 
from sun to earth , =,108.2 seconds. 

=8-3 minutes (approx.). 
Obliquity of colip tie . =23° 27' d"-04 (1000), 

Moan equatorial solar 
parallax-(Kinks, 1000) =8"-807. 


Tun mechanical powers are simple picmi 
of apparatus devised originally with the 
object of raising a heavy weight by dm 
application of a small force. Lot P lie tin- 
applied force, and supposo that by the mnlimt 
of its point of application through a distance 
a, measured in tho direction of the force, the 
woighfc W is raised a vortical distance h, or 
more generally a force W is exerted through 
a distance b. 

Then tho work done by tho force is P«, that 
done on tho weight is W b, and, neglecting 
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any losses in the machine due to friction nml 
other causes, these two are equal. Thus 

P«-W6 


Tho construction of the machine is such 
that it in considerably greater than l>, so 
that a large weight is raised by a small 
power. 

Since the displacements a and b take place 
in the same limo the quantities a and b 
men sure also tho velocities of the points of 
application of the weight and tho power ; 
the equivalence of work expressed by tho 
equation IVi-W/> used to bo known as the 
principle of virtual velocity, and a/b is spoken 
of as the velocity ratio of tho machine.; it 
measures, as wo have soon, tho ratio of tho 
weight mixed to the forco applied. 

§ (1) Tina Inomnku J’iank,—T lio inclined 

plane is one of tho most ancient of tho mechani¬ 
cal powers known to mankind. It is probable 
that it was used, in its ancient form, in tho 
raising of largo stones suoh as those used 
in tho construction of the pyramids or of 
Stonehenge. 

If tho length of the plane, measured along 
its surface, ho denoted by «, and the hoight 
mid horizontal distance by ft and y respectively, 
then tho displacement of a body along tho 
piano will ho represented by «, ’the vertical 
displacement by ,'i, and the horizontal dispiaco- 
mont by 7 ; «, /■}, and y also represent tho 
rolativo velocities in these three directions. 

A survival of tho ancient uso of tho inclined 
piano ns a moans of raising heavy loads is 
scon to-day in tho railway embankment, by 
which a railroad is carried up and down hill, 
the gradient being reduced to a workable 
minimum by tlio erection, at enormous ex¬ 
penditure of labour, of long sloping banks of 
earth. 

In the form of the wedgo, the inclined piano 
is commonly employed in a great variety of 
ways, from tlio common wedgo for splitting 
limber to its use in apparatus and machinery 
of precision. 

§ ( 2 ) I’ur.i.UYfl,.—Combinations of bells or 
ropes and pulleys arc used to transmit 
rotational motion betwcon shafts, the axes 
of which may ho at any angle to each 
other. T» belt driving it must always bo 
arranged that tho point at which tlio holt 
leaves one pulley must ho in tho central piano 
of the next pulley over which tho holt lias 
to pass. If this rule is observed tho holt 
will remain on tho pulleys for ono direction 
of drive, but if it is desired to drivo in both 
directions properly placed guide pulleys must 
ho provided, 

(i.) TacMea. —111 a combination in which one 
axis is capable of moving parallel to itself, tho 
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mechanism is commonly termed a “ tackle,” 
the object of which is to cause relative dis¬ 
placement of the axes on which tho pulleys 
rotate : tho rotation of tho pulleys is not 
essential to tho mechanism, their object being 
purely to minimise friolion. 

(( ^ the combinations forming “ tackles ” or 

purchases ” there are threo common systems. 
In tho first. Fig. 1, the weight is suspended 
from the axle of tlio lowest pulley and tho 
mpo passing round it is attached at ono ond to 
a fixed beam above, the other end being fixed 
to the axle of tho next lowest pulley : t he 
rope passing round the latter has ono end 
attached to the beam and 1 ,ho other to tho 
axle of the third pulley, and so on. The 
last rope lias a free end by which the force 
required to lift or lower tho weight is applied 
in a vortical directum. 

Tlio velocity ratio of tho system is 2“, whero 
« is the number of pulioys. 

In the scoond system, Fig. 2, ono rope only 
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is used, and this passes round all the pulleys 
in turn. Two blocks are provided, each 
oarrying a number of pulioys oithcr 011 tlio 
samo or soiiurato axles. 

Tho upper biook is supported from a beam 
and tho lower carries tho weight to bo lifted 
or lowored. Tho ropo is fixed a t 0110 end to 
tho upper block and passes successively 
under tho first pulley of tho lower block, 
ovor tlio first pulley of tho upper block, 
undor tho second pulley of tho lower block, 
and so on, travelling in the. samo direction 
throughout. At tlio free end of tho ropo 
tho forco is applied, 

Tho velocity ratio of the systom is numeri¬ 
cally equal to the number of ropes connecting 
tho upper and lower blocks. 

In tlio third system, Fig. 3, all tho ropes 
arc attached to tho weight, or to a beam 
supporting the weight. Tho ropo passing 
over any pulloy is attached at ono oiul to tlio 
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beam, and at the other to the axle of the 
next lower pulley except in the ease of the 
lowest pulley, whore the free end forms fcho 
moans of applying the force. The first or 
uppermost pulley in supported by its axle 
from an overhead beam, 
and the weight is slung 
from the lower beam 
at a point suitably 
chosen so that nil the 
ropes remain parallel 
to each other. If thore 
arc n pulleys, the velo¬ 
city ratio is 2" — 1. 

(ii.) Differential Pul¬ 
leys — Weshin'a Differ¬ 
ential Block. — The 
upper block of this 
tacldo carries two pul¬ 
leys differing slightly 
in diameter and fixed 
to the same axlo, and 
the lower block a singlo 
pulley. 

The chain pauses 
over ono of the upper 
pulleys, then under tho lower one, and finally 
over the second upper pulley on tho opposite 
side of tho axlo, ns shown in Pig. i, A fair 
longlh of chain is retained, tho ends being 
joined to form an endless linkago. Tho 
pulleys are grooved to roccivo tho ohnin 
links so that no slip of tho chain ovor tho 
pulleys is possible, 

Jiy this (lovico a very high velocity ratio 
can bo obtained, and is equal to 2l)/(!)-(/), 
whom I) and (l uro tho diameters of tho two 

_uppor pulleys 

respectively. 

The Weston 
block is a modi¬ 
fication of tho 
differential 
wheel ami axle, 
tho dilforonco 
being that in 
the latter dovico 
tho onds of the 
chain or rope 
aro fixed to the 
largo and small 
axles respec¬ 
tively, tho power 
being applied by 
rotation of tho axles about their common 
axis. 

$ (:)) Tub Simnw.—If a strip of rectangular 
section be wrapped round a cylinder in such 
n. nuitnior that its ineliiuition to a transverse 
tin is always tho same, tho curve assumed 
«y tho initially straight strip is known as a 
helix, Tho projection formed by the strip is 
commonly called tho “ thread ” ; this may bo 
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continued round the cylinder any number of 
times in succession. 

The “pitch” 1 of a screw is tho distance, 
measured parallel to tho axis of the cylinder, 
botwcon similar points of two successive turns, 
if the screw consists ol one continuous 
thread, it is said to bo “singles threaded,” 
Tho pilch may, however, bo divided into a 
number of equal parts, and additional threnda 
may bo introduced aido by side with (ho 
original one, thus producing n screw of 
“ multiple pitch,” 

In praetieo, the thread form is varied to 
suit tho nature of the work for which it is to 
he used. Thus, there arc threads of rectan¬ 
gular, semicircular, and triangular section, 
each designed for a particular purpose. 

If, instead of imagining tho strip to bo 
wrapped on tho outsido of a cylindrical bar, 
wo think of it as lying on tho inside of n 
hollow cylinder, ami imagine tho thread form 
out in this, wo havo a hollow screw. This is 
commonly known us a nut, and can bo made 
to fit exactly on to a bar or bolt having a 
corresponding thread. If the nut is rotated 
and tho screw held, it will move axially along 
tho screw, or, again, if tho nut 
bo rotated, but prevented from 
axial motion while the sorow is 
free to move axially but is 
prevented from turning, axial 
motion of the screw will take 
plnco and tho combination of 
nut and sorow can bo used as a 
mechanical powor. 

If tho foroo causing tho 
motion of the rotating element Via. (i, 
nets at a radius It, thou tho 
volooity ratio of tho combination will bo 
2wUfp, whore p is fcho pitch of tho thread or 
its advance per revolution. 

Tho thread may bo wound in a loft or 
right-lmndcd direction, and in named accord¬ 
ing to tho direction in which it requires to 
be rotated to cause it to advance through 
its nut. 

Thoorotioally the velocity ratio may ho 
increased indefinitely*by sufiiciently decreasing 
tho pitch, hut in praetieo this is not possible 
because of fcho resulting reduction in the 
thread strength. 

Tho ratio may, howovor, bo greatly me reused 
by means of tho adoption of the differential 
sorow, illustrated in Big. fi. This oonsists of 
two screws, the one being formed hollow and 
acting as a nut for the other. The smaller 
sorow is prevented from rotating. Considera¬ 
tion will show that the resultant vertical 
displacement of tho weight for ono revolution 
of tho largo screw is equal to fcho difference 

1 The torin “ pitcli 11 Is sometimes erroneously 
used to denote the mimbor of colls por unit length 
of tho cylinder. 
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ia pitch of tho two screws, and this may ho 
made very small. 

The velocity ratio is thus 2s-R/(p — 
whore p and j >j arc the pitches of the tiro 
screws rospcefivcly. 

i? (1) WoitM-iiKAtt.—The term ” worm-gear- 
ino” is ncnv almost universally applied to 
that form of mechanism in which a screw 
gears with a wheel, the axes of the two 
elements being at right angles to each other. 
Jlefnre the recent improvements in this form 
of gearing for power transmission were made 
the term was often used to include screw, 
helical, and skew gears. 

The two elements, the worm and the 
worm wheel, arc combined in practice in 
three different forms. That most commonly 
adopted is the parallel worm type, in which 
the worm is a truly parallel screw, the wheel 
being hollowed out to lit the worm. 

A second form is known ns the “ hollow ” 
or Hind ley type, in which both worm and 
wheel bare hollow faces, and in a third form 
the wheel is a true screw with the worm 
hollow faced to gear with it. 

Of tho two latter forms the former only has 
been developed to any great extent. 

The gear is used to transmit power from 
one axis—that of the worm—to a second— 
that of the wheel—at- light angles; the worm 
drives tho wheel, and, ns it rotates, that tooth 
of the wheel which, at tho moment, is in gear, 
is made to move parallel to the axis of the 
worm, just ns n nut, when incapable of rotation, 
moves axially along a screw when the latter 
is turned. As this tooth passes out of gear, 
the next becomes enmeshed with tho succeed¬ 
ing turn of the work, and so tho motion is 
continuously transmitted. 

In tho parallel type it is usual to design 
tho teeth of the worm and wheel to secure 
contact in a plane through tho axis of tho 
former and at right angles to the axis of tho 
latter; tho section of the wheel by this plane 
is made similar to that- of a spur gear, having 
the same diameter and pitch of teeth, and the 
section of the worm that of a rack to gear 
with the spur wheel. For power transmission 
at high loads and speeds, however, it is 
necessary to obtain satisfactory contact 
between tho teeth of the two elements at all 
sections parallel to the central plane, and this 
is accomplished by using a worm-thread form 
of special section. The relative motion of 
the two members at all points of contact 
should he perpendicular to their common 
surface at both points. 

With the Hindlev typo of gear tho teeth 
nmy bo of any convenient form, as considera¬ 
tion of the accompanying diagrams of the 
central sections of the gears will show. 

It will ho seen in the second case that tho 
thread form has not only rotational motion 


about its own axis hut also about the axis 
'■f the- wheel. Tho teeth of both elements 
follow geometrically the same path and a 
lulling form of tooth section does not there¬ 
fore need to he considered in this gear. It 
is essential, however, that the tooth form 
elmsen should render a fair length of worm pos¬ 
sible without producing interference between 
the teeth of the two elements. 

In practice the diameter of the worm at 
the ends does not exceed about 7 per cent 
the diameter at the throat. 

I lie parallel and hollow-worm types have 
of late years received considerable',•UU.ntion, 
and gears of both types have been produced 
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for the transmission of power with an efficiency 
of 97 per cent. 

The design of a worm-gear depends in a 
great measure on the work for which it is 
intended. Thus, for n gear to transmit motion 
where efficiency of transmission is not im¬ 
portant. the gear ratio is only limited by the 
size of the thread section and by the angle of 
friction botwoen the gear teeth. 

If it is desired that tho wheel shall not 
drive the worm—that is, that the gear shall 
not bo reversible—tho angle of tho tooth with 
the axis must he less than the angle of friction. 
If efficienoy is unimportant, the angle may bo 
ns small as desired, but if efficiency is n 
governing factor it should he made ns near 
to the friction angle ns possible. In the 
latter case the maximum limit of efficiency 
is »0 per cent. 

For power transmission, where high efficiency 
is desired, the worm will bo reversible and the 
worm angle must bo made about -10°. 

The efficiency is given by the equation 


V=-. 


tan 0 


tan (0H-/*)’ 

where 0 is tho worm angle and p the friction 

J. II. H. 


angle. 


Melting-points of Inorganic Compounds 
studied as iixed temperatures for secondary 
standards of tempemturo and compared 
with gas thermometers in the range 500° 
to IGOiJ 0 0. See “ Temperature, Realisation 
of Absolute Scale of,” § (00) (iii,). 
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MELTING-POINTS OK Metals: 

Ah determined liy Day, Bosnian, and Alien, 
tabulated. Seo “ Temperature, Realisa¬ 
tion of Absolute Seale of,” § (‘10), 
Table 11. 

Studied ns fixed temperatures for second¬ 
ary standards of temperature! and com¬ 
pared with gas thermometers in tlio 
range 500° to 1(500° C. See ibid. § (10) (i.). 

MELTING -1‘OINT.S OK REFRACTORY ELEMENTS 

and Compounds, determined by optical 
pyrometer. Secs “ Pyiomcfcr)', Optical," 
§{24). 

Mercury : 

Absolute Expansion of, determined by 
Callondar. See “Thermal Expansion,” 
§(ll)(ii.). 

Absolute Expansion of, detormiued by 
Reguault. See ibid, g (II) (i.). 

Coeflioiont of Absolute Expansion of, tabu¬ 
lated from calculations by various 
methods. See ibid. § (II) (ii.). 

Influence of Pressure on Thermal Expansion 
of, tabulated results of P. W. Bridgman. 
Sc.o ibid. § (111). 

Spouillo Heat of, dotorminud by Callendar, 
Barnes, and Cooke by the olootrieal 
method. See “ Calorimetry, Electrical 
Methods of," § (il). 

Speoilio Heat of, at Different Temperatures, 
tabulated. See ibid. § (-1), Table I. 

Meta 1,8: 

Atomic Heat of, at Low Temperatures, 
Nornst’s values for, tabulated. Soo 
“ Calorimetry, Elcot-riual Metliocls of," 
§ (11), Table VI. 

Methods of measuring Thermal Conductivity 
of. Bar Methods—Electrical Methods— 
Indirout Methods—Periodic Flow Methods. 
Sue " Heat, Conduction of,” § (fi). 

Molten, Emissivity of, observed approxi¬ 
mately by Burgess with a Fury radiation 
pyrometer. Seo “ Pyronietry, Total 
Radiation,” § (.18) (iv.). 

Speuilie Heats of, Caede’s determination 
of, by the electrical method, tabulated 
results. Hue “ Calorimetry, Electrical 
Methods of,” § (0), Table IV. 

Specific Heats of, studied by Professor E. II. 
Griffiths, F.R.S., and .Ester (Iriditlis over 
tlio range --100° In - 1 - 100 ° by the 
electrical method. See ibid. § (10). 

Values of Thermal Conductivity of. Soo 
“ Heat, Conduction of,” Table III 

Metals which can ek melted in Am: 
Tin, Zinc, and Gold, determination of 
melting-point of. See “ Thermocouples,” 

ii (22) («».). 

Metals witkih require a Neutral Atmo¬ 
sphere WHEN THEY AIIH MELTED 5 Niokol 
and Cobalt, determination of melting-point 
of. See “ Thermocouples," § (22) (ii.). 


Metals wiiioii require a Reduce no Atmo¬ 
sphere when they ARE melted ; Anti¬ 
mony, Aluminium, Silver, mid Copper, 
determination of melting-point of. See 
“Thermocouples,” § (22) (i.). 

Meters. For the article on “Motors” seo 
VoJ. III. 

Mioromanomktkhs. See, “ Pressure, Mensure- 
mont of," § (20). 

Micrometer Water Gauge. See “Pressure, 
Measurement of,” § (2(i). 

Miorotyrometer : nil instrument of fcho dis¬ 
appearing Ii lament optical pyrometer type, 
devised by Burgess for tile determination 
of the melting-points of minuto specimens 
of materials, See “ Pymmotry, Optical,” 
§(•*)• . 

Mrr.LS, .1. E., formulation of tlio expression 
giving tiio value of L,, the latent heat of 
vaporisation of a substance, in terms of 
E„ tho heat equivalent of I,ho external 
work done, Sr, and Sy» the densities of liquid 
and saturated vapour respectively. 




constant. 


Seo “ Latent Heat,” $ (LI) (ii,). 


Mitoiiell’h Theory ok the Resistance ok 
Flat Inclined Sukkaoes separated hy a 
Film ok Fluid. Seo “ Friction," § (27). 
Mixtures, Method ok i tho best known of 
calorimetric mothods. Soo " Calorimetry, 
Method of Mixtures," § (2). 

Model Experiments and tileir Full-scale 
Equivalents. See “ Dynamical Similarity, 
Principles of," lj (88). 

Model and Full-scale, Condition iron 
Continued Similarity in Working ok. 
Seo “ Dynamical Similarity, The Principles 

«>L" § (»0). 

Modulus ok Direct Elasticity (Young’s 
Modulus): 

Method of Determination. See “ Elastic 
Constants, .Determination of,” § ((H). 
Tabulated Values. Soo ibid. § ((hi). 
Modulus ok Elasticity. Tho ratio of a 
stress applied to a body to the strain it 
produces. Soo “ Elastio Constants, Deter¬ 
mination of,” § (08). 

Modulus ok Transverse Elasticity (Modu- 
his of Rigidity): 

Method of Determination. Seo “ Elastio 
Constants, Do termination of,” § ((Id). 
Tabulated Values. See ibid. § (do), Table 22. 
Molecular Pump (Garde). See “ Air-pumps," 
§ (39). 

Molecular Theory ok Matter. See " Ther¬ 
modynamics,” § (dd). 

Molecules, Finite Size- and Cohesion ok, 
AS AFKECTINfl PERFECT Gas EQUATION. 
Soo “ Thermodynamics,” § ((10). 






MOL LIER’S CHART OE ENTROPY AND TOTAL HEAT-OTTO CYCLE 


rm 


Mollieu’s Ghaut of Entropy and Total 
, t 3 [ kat. Seo “ Thermodynamics,” § ( 42 ). 
Nor Steam. Seo “ Steam Engine, Thcoi-v 
. ^ ( >f.” 5 (9). 

Eor Substances used in Refrigerating 
Macliincs and tho Use of Oblique Co¬ 
ordinates, Sco “ Refrigeration,” $ (;» 
Figs. 8 and 1). 

Molybdenum, a possible substance for use as 
an outer protecting slioatli for a thermo- 
clement, at high temperatures. Seo 
‘ Thermocouples,” § (f») (v.). 


MOMENT OF INERTIA OF A liODY ABOUT A Link. 
lho sum of fcho products of tho mass of each 
particle of tho body into tFio squaro of its 
perpendicular distance from the lino, 

I = 2J(»,r a ). 

Monatomic; Was, Energy of. Sco “ Thermo¬ 
dynamics,” ij (58). 

Multiple Expansion St ham Engines, Seo 
“ Steam Engine, Theory of,” § (1()). 

Multiple Screws fob'Ships. Sco “Ship 
Resistance and Propulsion," § (40). 


N 


Naphthalene and Bknzophenone, dotor- 
imnaticm of boiling - points of. See 
“ Temperature, Realisation of Absolute 
Scale of,” § ( 2 ( 1 ). 

National Gas-engine. Seo “Engines, 
.Internal Combustion.” 

100 .11.P. Horizontal Typo. § (5). 

200 FI. P. Vertical Type. § ((>), 

N.P. L. Gear Efficiency Experiments. Sco 
“ Motion,” § (20). 

Natthueu and Catlletkt, experimental re- 
Bonrohos on fcho expansion of lluids under 
higli pressures. Roe “ Thermal Expansion,” 
§(!«)(!■). 

Neiinst anj> Lindiomann, formula for H])ecili ( . 
Jiout, tested in the onso of (,1m metals 
Al, Ag, Ph, and Gu by comparison with 
values given by tho thermodynamical 
equation, in tabular form. Seo Calori- 
motry, the Quantum Theory,” § (40), 
Tallin Ilf. 

Neville and Heyoock, work on resistaneo 
fchormomotor using a thermocouple. See 
“ Thormoeouples,” 5} (22) (iii,). 

Newcomen’s Engine. Sco “Steam Engine, 
Reciprocating,” § ( 10 ), 

Newton’s Third Law ok Motion, Meaning 
ok Action and Reaction. See “Moat, 
Mechanical Equivalent of,” (j ( 1 ). 

NtcimoME Tubes, Oast, used to some extent 
113 outer protecting tubes for thormo- 
oloinonta. See “ Thermocouples,” § (5) (iv.). 


Nickel Cariion Eutectic (1320° (;.), used as 
standardising point for thermocouples. Sco 
“ Thermocouples,” § (22) (iii.). 

Nioichl Oxide Surface, Emissivity ok 
measured by Burgess and E„ r to with a 
hcry radiation pyrometer. See “ Pyro- 
mefcry, Total Radiation,” § (IH) (i.). 
Nitrogen: 

Separation from Air of. Sco “ Gases, 
Liquefaction of,” $ ( 2 ), 

Specific floats of, tabulated values obtained 
by School and House. Seo “ Calorimetry, 
Electrical Methods of,” § (If,), Tabto IX. 
GsinI as Thennometric Substance. See 
“ Thermodynamics," § (4). 

Nitrous Oxide, Latent Meat ok Vaporisa¬ 
tion ok, determined by Malliiiis. See 
“ [silent. Heat," !} (8). 

Nozzle, |)w Laval’s Oonvkikiiont-uivku- 
cent. Sco " TbermodynamicH,” tj (44). 
Nozzles : 

Design of. Sco “ Steam Engine, Theory 
S (12). 

Quantity of Steam passing, Seo “ Rtoam 
Turbine, Physius of," §§ (2), (3). 

Nuclei, Condensation on ; experiments of 
Aitkon and 0. T. R, Wilson. Seo “ Thermo- 
dynamioH,” § ((H). 

Number ok Molecules in a given Volume 
ok Gas. By Avogadro’s law tFiis i'r tin, same 
for all gases; tho number in a gramme 
molecule or Mol is 4'fi x 10 2S . 


OeohEL iiAusER Two-stroke Engine. Seo 
“ Engines, Internal Combustion,” lj (11). 

Oil-engines. Soo “ Engines, Internal Com¬ 
bustion,” § (13) o.l acq. 

Oils, Specific Heat of, determined by tho 
olootrioal mothod. See “ Calorhnotry, Rloc- 
trioal Methods of,” § ((I). 

Onnus, Kamehlingii : investigation of the 
expansion of hydrogen at low tempera¬ 
tures. Seo “Thermal Expansion," § (18) 


O —- 

Optical Indicators for High-speed Steam 
Engines. Sco “ Pressure, Measurement of," 
§ (19). 

Osmotic Pressuiie, 'J'lio excess pressure 
which must ho appliod to a solution in order 
to make its vapour pressure equal to that of 
tho puro solvent. Seo “ Thormodynamies,” 

§ m. 

Otto Cycle used in Gas - engines. See 
“ Engines, Thermodynamics of Internal 
Combustion,” §§ (34) and (51). 
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r>!)l OUTLETS FROM RESERVOIRS—PETROL ENGINE, WATER-COOLED 


Outwits from Reservoirs. Sco “Hydraulics,” 

§ (20). 

Outward-plow Titiirinks (Hydraulici). Sco 
“ Hydraulics,” § (48) (i.). 


Ox vans, Si’Komi: Heats of, tabulated values 
obtained by School and House. Sco “ Cnkiri- 
jnoliy, Electrical Mothods of." § (lb), Table 
IX. ‘ 


P 


Padolr-wiibels. Sco “Ship Resistance and 
Propulsion,” § (53). 

Parsons’ .Dios kin Cobffioirnt K. A co¬ 
efficient of importance in Hie theory of the 
steam turbine. See “ Turbine, Develop¬ 
ment of the Steam,” § (12); “Steam 
Turbine, Physics of,” § (7). 

Pur, thou Effkot, Definition and Thkkmo- 
dvnamio Tiieohv of. Sou “Thermo- 
dynamics,” § (do). 

Pur, ton Wheel. See “ Hydraulics,” § (47) 
(iv.). 

Periodic Heat Flow : 

Into Infinito Solid. See “ Heat, Conduction 
■>f,” s (12) (i,). 

Along Rod. See ibid. § (5) (v.). 

Prtavel’h Oi'TtOAt, Indicator. See “ Pros- 
sure, Moasuromont of," § (If)). 

PETROL ENGINE, THE WATER-COOLED 

§ (1) Introductory. —Tlio potrol engine has 
now (1021) roachod such a stato of dovolop- 
ment that its performance approaches vory 
olosoly to that possible with tho Otto cycio, 
using potrol ns fuol. 

At tho present time brake moan pressures 
of tho order of 130 lbs. per sq. in. aro not 
miflimumm. 

In onsoH wlioro high spends can bo omployod, 
outputs of 38 brake horao-puwor per litre of 
piston displacement have been attained. 

As regards thermal ofliekmey, a numbor of 
engines have realised iudiealed thermal offi- 
oionoios, relative to tlio air standard ofTioienoy 
for tho compression ratio employed, of 07 
per eont. 

’fly careful attention to tho reduction of 
mechanical Iohhoh, particularly as regards 
piston friction, tho mechanical officionoy of 
modern engines has boon raised to tlio 
neighbourhood of 00 pur cent oven in engines 
running at moderately high speeds. 

In considering tho output of an engine in 
torms of brako libiso-powor per litre the curve 
shown in Fig. I may ho useful us giving tho 
brako moan pressure required to produco one 
brako horso-pewor por litre at various spoods 
from 1000 to 5000 revolutions per minute. 

For example, at 4000 r.p.m. an ongino 
giving 30 b.h.p. per litro would require to 
develop a b.m.o.p. of 3'25 x 30 = 117 lbs. por 
sq. in. 

On examining tho conditions govorning tlio 
power perform an co of potrol engines it is 


obvious that for n givon speod of rotation 
tho chief factors aro: 

1. Indicated thermal officionoy. 

2. Volumetric efficiency. 

3. Mechanical efficiency. 

In other words, tho brake output of tho 
ongino depends on burning tlio charge to the 
host- possible advantage ; burning tho greatest 



Houoliitloiis /jor in I mi to 
Fia, l. 


possible weight of charge por stroke; and 
lastly, wasting as liltlo indicated power ns 
possible in moving tlio parts of tho engine 
and in carrying out tho various functions 
inhoront in tho eyole of operations. 

§ (2) Indicated Thermal Ei-'kioienoy.— 
With regard to the first item, Tizaid and 
Pyo 1 have shown that, taking into account 
dissociation and change in specific heat, tho 
limiting indicated efficiencies possible with tho 
Otto oyolo, using a hydrocarbon fuol such ns 
potrol, and assuming no boat loss to tho 
cylinder walls during combustion and expan¬ 
sion, aro ns givon in column 3 of Table 1. 

This table 2 shows, in column 1, tho various 
compression - expansion ratios considered; 
column 2, tho air cycle efficiency for oaeh of 

1 Hco Automobile Engineer , February, March, anil 
April 1021. 

J Sen " Sonic Possible Lines of Development in 
Aircraft Engines.” by IT. it. lllcardo. The Iloyul 
Aoronaullcul Souloly, 1021. 
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tho ratios in column 1; column 3, 'lizard 
and Rye's ideal indicated ellicicnoies, taking 
account of louses duo to dissociation and ohungo 
in specific lieat but taking no account of losses 
duo to direct passage of Jioat to the cylinder 
walls ; column 4, the highest attainable in¬ 
dicated thermal efficiencies, assuming “ that 
tho combustion chamhor is designed to allow 
of tho minimum possible lieat loss, that tho 
cylinder is of comparatively largo capacity, 
and that the revolutions aro not lens than 
1501) r.p.m.” Column 5 gives tho actual 
indicated thermal offioioncicN obtained in a 
special variable compression engine designed 
by Ricardo, a description of which will bo 
hmnd in linyinceriny, September 11 , 11)20. 

It will ho observed that tho dilVoionco be¬ 
tween columns 4 and 5, indicating the margin 
remaining for improvement, is very small. 

Tho values for ollieieney shown in 'J’ablo I., 
both those which have boon calculated and 
tlmso which woro observed, aro for a homo¬ 
geneous mixture of air and hydrocarbon 
vapour. 

Taiu.h I 


1. 

I!x |>jiiifiliiii 
Until). 

8. 

K l -(l/r)»‘. 

3. 

B«l-(l/r)»-»i 

-i. 

iv-l-fi/j-)".- 1 '. 

r.. 

OIucitihI 
IIi-iiiUh, VurliO-lu 

('••iiii.ri'Mlmi 

Kiiglnv, 

44) 

0-4250 

o-ri.qo 

0-20(1 

0-277 

4-5 

(>•4521 

0-350 

0-314 

0-207 

/>■() 

0-1747 

0-378 

0-332 

O-3I0 

5-5 

0-404-1 

0-3(8) 

0-348 

0-332 

(If) 

0-5110 

0-111 

0-301 

0-340 

0-5 

0-5270 

0-424 

0-375 

0-800 

70 

<>•5308 

0-437 

0-380 

0-372 

7-5 

0-5524 

0-440 

0-300 

0-383 

0 0 | 0-51)17 

0-400 

0-400 



.Either by employing a stratified cliargo» 
or by tho burning of certain fuels, giving 
by either menus a lower moan tomporaturo 
to tho “ oyolo," a higher ofliuioncy can, both 
tlioorotioally and oxporitnontally, bo obtained. 

The thonrofcioal indicated thermal oflieionoy 
of the Otto eyolo is given by tho formula 

R — 1 ~(l/r)V ^ whore r is tho compression* 
oxpansion ratio. 

It in ovidont that tho Inrgor tho numhor of 
expansions tho greater will lio the thoorotioal 
thermal efiieiouoy, and following on this 
consideration every opportunity is takon in 
praotico to raise the expansion ratio, and 
therefore necessarily tho compression ratio, 
to tho maximum value which tho fuel will 
hear without detonation. 

Tho fools which can ho employed m-'lC 
petrol engine (including niomhm^of tl 
paraffin group, tho ftriinmji^lmdtlio uIcoIh 
group) \’iti 1 14y in thoir resisv 
1 heu Automobile Engineer, Juuo 11)21. 


nneo to dotonnt-ion. Some data rolativo to 
this characteristic are given lator. 2 

For any given fuel, however, thorn is a 
mini bo r of factors which control tho maximum 
compression ratio which can bo usefully om- 
ployed. The most important of these factors 
is tho form of the combustion space. To 
have tho minimum tendency to detonation tho 
combustion space must ho compact, of good 
depth with respect to its diamotor, symmetrical 
ami freo from shallow pockets or any cavities 
in which portions of tho cliargo can become 
more or less isolator!. 

.1 lie location of tin: ignitor is also of consider¬ 
able importance. It has boon shown 3 that 
when the ignitor is situated oil tho opposite 
side of tho combustion spuco to tho ox haunt 
valvo, so that tho portion of tho cliargo in tho 
vicinity of this valvo is tho last to burn, 
the tendency to dolomite is increased, and tho 
limiting useful compression ratio is conse¬ 
quently reduced. 

Given a combustion space having tho 
attributes set out abovo, it was found Mint tho 
highest compression ratio giving 
freedom from detonation for any 
particular fuel was readied by 
employing two sparking plug's 
located on opposite sides of tho 
combustion space. 

If a combustion space is of 
such form Unit a portion of tho 
cliargo can become in somo 
degreo isolated from tho main 
(tuition, it is found that tho 
tendency to detonation isgroator 
than with a compact space. A 
reasonable theory appears to ho 
Mint, niiico tho isolated portion 
docs not boeomo ignited until 
Into in tho process of combus¬ 
tion, there is a tendency for it to bo raised 
b> ft high pressure and tomporaturo bolero 
inflammation owing to its compression by tho 
general riso of pressure in the cylinder; 
consequently, when tho flaino filially roadies 
this iniignilod gas, tho conditions aro favour¬ 
able for its dotonation. 

Apart from tho ineroasod tendency to defolia¬ 
tion, tho existence of cavities or pookots in 
a combustion spuco involves iliormodyiimnio 
losses, owing to tho chilling of ilio ohaigo 
(luring inflammation, which may load to in¬ 
complete combustion, and in any chro must 
cause greater diroot boat loss to tho walls. 

Tho next' most important item controlling 
tho compression ratio is tho tomporaturo of 
tho cliargo after compression, 

It lias boon dourly established that if tho 

Automobile Engineer, ‘'Tho Jiifluisico of 
»arums Fuels on the Performance of Infernal Cloni- 

CiiRiist 1 [0‘'T ,1W ’” l,y il ‘ J1, IU ' !onl,, » February (o 
5 Sec Engineering, September U nml 10, 1020. 
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charging tomporaluro irt raised tho tendency 
to detonate in increased. In order to run 
with freedom from detonation under such 
conditions, a lower compression ratio must bo 
employed than is possible with a lower oliarging 
temperature rising the same fuel. 

Ah being closely connected with tlio charging 
temperature, and to a largo oxtont influencing 
that temperature and thcroforo tho tomporu- 
turo roaohed after comjn'cssion, it must ho 
rcmoni lie red that tho charge from tho timo it 
outers lira cylinder until probably well into 
tho compression stroUo is absorbing boat 
from tho cylinder walls, piston, and valve 
heads. 

In this connection tho nso of aluminium 
alloys for pistons has had a most important 
itilluoneo in enabling higher compression ratios 
to ho employed, owing to tho hotter boat dis¬ 
sipation from tho contra of tho piston crown 
duo to the higher conductivity of aluminium 
us compared with cast iron and stool. 

With regard to vnlvo-hoad temperatures, it 
is ofton desirable to omploy multiple oxhaust 
valves in order to limit tho size of tho vulvo 
find thus onsnro better cooling of tho iioad. 

An important factor in reducing the tend¬ 
ency to detonation is tlio provision and 
maintenance of an udoiptato dogreo of turbu¬ 
lence of the olinrgo. Wlioro a sunioiout dogroo 
of turbulence is presorvod thoro is loss 
opportunity for any portion of tlio oliargo to 
remain in contact with highly heated surfaces, 
Buck as the Load of an oxhaust valvo, for 
Hullieienfc time to he raised to tlio critical 
tompomturo at which it will tend to detonate. 

Apart from this point of view, it is of tho 
utmost importance that a high dogroo of 
turbutoaico should exist in tho combustion 
space ut the moment of ignition, for the purpose 
of ensuring siiflloionlly rapid spread of in¬ 
flammation to enable the combustion to ho 
completed in tho limited timo available in 
high-speed engines. 

If it worn not for tho existence of turbulonco 
it would he impossible to run engines at tho 
high speeds now common. Tho timo of pres¬ 
sure rise in it stagnant mixture is many timos 
that available for tho on tiro eyelo in a potrol 
engine of ovon modornto speed. 

Turbulonco has a further valuable olToot in 
that it tends to onsnro uniformity of mixture 
strength throughout tho ohnrgo by breaking 
down zones of rich ami weak mixture. 

It is obvious that a combustion space which 
has tho attributes already mentioned will bo 
favourablo to tho maintenance of tho initial 
turbulence arising from tho onlry of the cluirgo 
at high voicedty past tho in lot valve. 

K ''{} VoruiwnTiwj Hiwijiknov. —With ro- 
• ■ ~>fn<.i,Mwnr u important 

'lit and not 
largo which 


controls tlio power output from a cylinder 
of given swopt volumo, 

This boing tho case, it is obvious that two 
conditions must bo fulfilled to obtain a high 
volumetric efficiency. In tlio first placo, ovory 
ondoavour must bo made to one bio tlio cylinder 
to fill up ns nearly as possible to atmosphorio 
pressure, and secondly, tho tompomturo of the 
charge must be kept as low ns possible. 

In order to fulfil the first condition it is 
cssontial that the resistance offered to tho 
inflow of tho ohnrgo shall ho kopfc low by tho 
nso of moderate gas velocities, proper stream¬ 
lining of the ports and inlet valvo head, and 
the use of a valve-opening diagram in relation 
to piston velocity which shall givo tho greatest 
possible area for flow at tho latter end of 
tlio charging poriod with a sharp cut off at 
closing. 

The most difficult part of tho first condition 
to fulfil in prootico is tho provision of a largo 
inlot area at tho end of the charging period, 
with a rapid cub off, and this difficulty is vory 
greatly accentuated in engines intonded to run 
at high spoods. A method of nohioving this 
result without having rosourco to abnormal 
uccoloralions in tho valvo operation is tho 
method of masking tho first and last portions 
of tho inlot valvo travol devised by Ricardo. 
In omploying this dovioo tlio bend of tlio valvo 
is arranged to act as a piston valve whon 
near its Boat, thus giving sharply defined open¬ 
ing and closing points and allowing ample 
timo to sent tlio valvo in a comparatively 
loisuroly mmmor. 

With regard to tho second condition, it lins 
boon found 1 that tho pmvor output steadily 
fulls with addition of heat to the incoming 
oliargo at tho rate of approximately 1 per eont 
for ovory C. rise in inlet tompomturo. It 
is cloarly desirable, therefore, to limit tho 
prohonting of tho oliargo to tlio minimum 
which will ensure satisfactory distribution. 
Tho torm distribution is bora used in tho sonso 
of uniformity of mixture strength of tlio 
ohargos suppliod to the cylinders of a group 
fed from a common carburettor. 

Ill oonnoation witli tlio subject of preheating 
tho oliargo bofora its entry into the oylitulor, 
it must bo romombored that petrol and tho 
other inihmimablo volatile fluids have consider¬ 
able latent heats of vaporisation. Comploto 
evaporation of the potrol, in a mixture of 
such proportions ns will givo just oomploto 
combustion, lowers tho temperature of tlio 
mixture by about 18° 0. It follows, therefore, 
that if suitable arrangements aro made to do 
bo, it is possiblo to improvo appreciably tlio 
volumotrio officioncy by making uso of tlio 
latent heat off cot to cool tho incoming charge, 
and thus to inctmso tho weight of charge 
tnIcon into tho oylindor. 

‘ Hue Unuineering, HopLomlcr !!, 1020 . 
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thct rondei' may refer to the publications given 
in tiie footnote below'. 1 

For the purpose of classifying them with 
respect to their relative resistance to detona¬ 
tion Ricardo has compared a large number of 
fuels using toluene and an nromntio - free 
petrol ns the basis of comparison. Talcing the 
effect of toluene as represented by 100, and 
that of aromatic-frco petrol as being zero, 
the following table gives tho values for the 
fuels mentioned; 


Toi.uknb Values 


Tollman .... -|- 100 
Honzimo .... -p ail 
Xylonii .... Sit 
Ktliyl-nlcoliol, Oil ins' 

cunt .... -|-ion 


I Aonfona .... -|- 
j CycUilmxnno . . tin 
! Curlxm bisulphide, -j- 10 
.Mntliyl nmi'cnplaii -|-6lu 10 
I Htlicr.- «0 


§ (0) Watkh- ooor.nn Engines, (i.) The 
Rolls-Royce hJayle .—Tho following descriptions 
and illustrations will givo some idea of tho 
trend of modern practice in water-cooled petrol 
engine design and of the performances obtained 
from tho engines described. 

Tho first description is that of tho Rolls- 
Royce “ Eagle ” aero engine, which lias been 
largely used by the British air service. 

_ Tho “ Eagle ” engine lias been Imilt in 
eight sorios, and tlio present description 
deals with the Sorios Eight model. All the 
sorios embody tho same main features, tho 
differences between the dilTorout sorios lying 
chiefly in such details us compression ratio, 
nnnihor and size of carburettors, arrangement 
of induction system, niimhor of magnetos, 
and ratio of propeller reduction gearing. 

This engine has twelve cylinders of -H5 in. 
lmro and (W> in. stroko arranged in two banks 
of six at an angle of (10°. 

Tho cylinders are all independent of ono 
another and are of tho built-up typo, having a 
barrel and bond machined from a stool forging, 
to which a pressod-stoel jacket is wolded. 

Upon tho head of the cylinder bod}' saokots 
aro formed into which hoods are welded to 
form tho inlet and oxhniiHt passages and to 
carry tho vnlvo guidon. Ono inlet and ono 
exhaust valve is provided por cylinder. 

Projections formed upon tho hood servo to 
carry studs by whioh tho ovorhoad oanishnft is 
attached to tho cylinders, 

Stool flanges carrying four studs aro so rowed 
on to tho oiuls of the hoods and servo for tho 
attachment of the inlet and exhaust manifolds. 

Tho two sparking plug bosses aro Borowcd 
and wolded into tho cylinder crown, and aro 
located ono on tho rear side of tho inlot vnlvo 
and tho other on tho forward sido of tho 
exhaust vnlvo. 

Tho water -jaokot is in two par Is wolded 
together by a longitudinal sonm and attached 


’ bco Proceedings of the Royal Aeronautical Society, 
]»2l. mid Automobile Knginccr, February, March. 
April, May, Juno, July, mid August 1021. 


by welding to the cylinder body by n flange 
at the lower end of the barrel and projections 
on the ends of the valve hoods. 

A water-inlet pipe is welded to tho outor 
sido of the jacket at its lowest point and an 
outiot pipe at the upper end of tho inner side 
of the jacket. 

I ho cylinders aro spigoted into the crankcase 
and aro provided at their lower end with four 
deep bosses which aro tied together, top and 
bottom, by square flanges all milled out of tho 
solid. 'I he cylinder holding down studs pass 
through these, llanges and bosses, thus provid¬ 
ing n bgbt construction and taking tho strains 
duo to gas pressures from the cylinder at two 
points on the barrel. 

Both tho valves arc of tho “ tulip ” typo 
and work in long phosphor bronze guides, 
tapered externally where they lit into tho 
vnlvo hoods. 

Shoulders are provided on the guides to 
support tho stationary spring collars which 
take a long bearing on tho outsido of tho 
gtiide. The ends of the valve stems aro pro¬ 
vided with hardened steel plugs on which tho 
vnlvo rockers hoar, and are provided with a 
sorow thread by which tho upper spring collar 
and looking nut are scoured to tho stem. A 
cotter pin passes through tho mil, stom, and 
hardened ping. 

Two springs of opposite hand aro provided 
for each vnlvo. 

^ Tho pistons arc of aluminium alloy of the 
“ Zephyr ” typo and carry four pegged gas 
rings upon the upper skirt and one unpegged 
scraper ring upon tho lower skirt. 

Tho gudgeon pin is hollow and is supported 
directly in the aluminium piston Is mhos, in 
which it is located endways by a llnngo at 
one oncl and a liar oarriod by a stud nt tlio 
other oiid. Ono end of this bar engages a 
recess in the piston and provonla tho gudgeon 
pin from turning. 

•Tho connecting rods are of IE eoatiun, tho 
small ends of both rods and tlio anchor pin 
end of tho articulated rod boing bushed with 
phosphor bronzo. 

Tlio artioulated rod is anchored by lugs to 
tho lending sido of tho master rod big ond. 

Tho big ond i’h lined with wliito metal oast 
dirootly into tho rod, in whioh three dovetailed 
grooves are provided to retain tlio matnl. 
Tlio big ond caps aro stopped into the main 
rod and aro secured by four finite. Thick 
liuors aro fitted between tlio cap and rod to 
faoilitato tho fitting of tho bearing. Tho 
small ond hearings aro lubricated by a pipo 
strapped along the shank of tho rod and loading 
oil from tho big ond and anchor pin ends 
respectively. 

Tho crankshaft is hollow throughout, the 
bores being closed at tlio ends by means of 
conical plugs hold in position by bolts. At 
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tho forward encl a largo flange in provided to surface of the crankcase, thus relieving the 
carry tlio annular wheel of the propeller aluminium webs of the top half of tiro on so 
reduction gear, and at. the rear end a flange from explosion stresses. 

is farmed to which an extension is bolted. The aluminium alloy crankcase consists of 
This extension carries the skew-gear wheel four main parts as follows: A main portion 
by which the auxiliaries are driven. carrying the cylinders and crankshaft, an oil 

Tiie crankshaft is supported in seven plain sump, a rear portion containing the gears 



fio. it. 


bearings, comprising bronzo shells lined with which drivo tlio eamslmfts and auxiliaries, 
white metal. Tbo shells lutvo no flanges ami and a nosepicco which contains the opioyolio 
are prevented from turning by thick- bronzo reduction gear and tho propeller shaft, 
shims, and are located endways by a dowel The main portion is deep and well stiffened 
in the cap and an oil-nippio in tho top by transvorso webs in which tbo oentro and 
half. intormodiato webs are supported. Tho two 

Tim main hearings aro entirely indopondont end main boarings aro carried in tho end walls 
from tho lower portion of the orankoaso and of tho main portion. 

aro supported by stool caps held to tho top Along tho ouLsido of tho main portion a 
half by long bolts passing up to tho uppor longitudinal flange is provided at the crank- 
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Kluifb level to stilfen tlio cn.se against horizontal 
forces, 

The engine is supported by four detachable 
bearer feet, each of which is secured to the main 
portion of the crankcase by four bolts which 
aro relieved from shear stress by horizontal 
tongues engaging grooves in tho crankcase. 

Each cylinder is secured to the crankcase 
by four studs, which are provided with midway 
flanges. Tho studs are screwed into holes 
in tho case and are looked by nuts on the inside 
of tho case. By this means the studs aro 
■seenroly fixed in tho ease without relying 
entirely on screw threads in aluminium. 

Tho sump is secured to the main portion by 
numerous studs, closely pitched, in order to 
ensure n good union between the two purls so 
that tho sum]) shall contribute to the stiffening 
of the main portion. The sump is braced by 
two transverse) webs. A dotiuiluibhi suction 
filter is provided at tho lowest point of tho 
sump. 

Tho roar portion of tho erankoaso is attached 
partly to tho main portion and partly to tho 
sump. 

Tho main drive for tho camshafts and 
auxiliaries comprises a skew wheel of six toon 
tooth, carried by a transverse shaft, from 
tho ends of which one pair of magnetos is 
<1 riven. 

The bevels driving tho inclined camshaft 
drives hnvo twenty tooth and aro mounted 
on tho traiiNvorso shaft by moans of urn-rations. 
A spur wlieol is mounted upon tho hub of the 
right-hand bevel and engages an idle wheol, 
which in turn drives a spur wheol of the sumo 
si'/.o as tho first. This last spur wheel is 
mounted on a soeond transverse shaft, from 
tho ends of which'the soeond pair of nmgnolos 
is driven. An air-pump for supplying nir 
to tho petrol tank and tho engine taolimnotor 
are both driven from this second shaft. 

Tho twenty-tooth bovols engage thirty-tooth 
wheels carried by short hollow shafts mounted 
in bearings carried by tho main portion of tlio 
orankonsn. 

These short shaftB aro internally serrated 
at their upper ends and tlio serrations engage 
sorratud sleeves attached to tlio lowor oiuls 
of tho inclined camshaft drive shafts. 'Tho 
uppor ends of these inclined shafts aro inter¬ 
nally serrated and ongngo tho serrated ends 
of short shafts on tlio uppor onds of which 
twenty-five tooth hovels are mounted. Thcso 
hovels engage fifty-tooth hovels scoured to tho 
camsha fts by cones and keys. 

An unusual feature of these engines is tlio 
iiho of a spring drive botween tho crankshaft 
and tho whole of tlio auxiliaries and oamshafts, 
in ordor to protect these parts from any 
torsional oscillations in tho crankshaft. 

Tho spring drivo is incorporated botwcon tlio 
first skew - gear wheel and tho crankshaft 


extension, upon which' tho forinor is rotatably 
mounted. Tlio oscillations of the spring drive 
aro damped by means of a multiplate brake. 

The camshafts aro supported in tlircc< 2 >ai‘t 
bronze casings, which aro mounted on the 
cylinders by pairs of studs carried by the 
cylinder heads. 

The hollow camshafts with integral cams are 
supported by 11 vo plain bronze bearings in tho 
camshaft casings, the thrust of tlio driving 
bevels being taken by ball-thrust bearings. 

Tlio valves are operated by rockers carried 
by the camshaft casing and aro provided with 
rollers to ongngo tho cams. 

The valve clearance is adjusted by placing 
shims between tho rocker anil the head of tho 
sorew which contacts with the valve stem. 

The vulva timing is ns follows: Inlet opens 
10° after top centre and closes 54° after bottom 
centra; exhaust opens 54° before bottom 
centre and closes 10° after top centre. 

Mixture is supplied to the cylinders in groups 
of tlireo by four Rolls-Roj'eo Claudel Hobson 
unrbiireltoi-fl placed in pairs nt the ends of tho 
V formed by tho cylinders. The bend of 
tho induction pipe connecting the carburettor 
In its manifold is water-jaekoted. 

In ordor to facilitate starting, the manifolds 
aro provided with nozzles to enable petrol 
to bo sprayed into tho induction system by 
means of u linml-pump. 

The carburettors nro fitted with Messrs. 
Rolls-Royce's altitude control, consisting of a 
fluted nocdlo valve situated between the flout 
chamber and the jot well. 

Tlio cylinder cooling water is circulated by a 
centrifugal pump, which is driven at oiio-and- 
half times engine speed by n slnift and a show- 
gear wheel, which engages tho skew wheel 
mounted on tlio crankshaft and operated by 
tlio Hi>ring drive. 

Tlio engine is lubricated under a pressure of 
from 35 to 45 lbs. per square inch by means of 
a gear-typo pump driven nt reduced speed by 
means of nn cpioyolio gear. 

This gear is driven by a shaft carrying n 
show-goar wheel meshing with the crankshaft 
gear wheol. 

Abovo tho pressure pump and coaxial with 
it a second gear-typo pump, of large]' capacity 
than tho pressure pump, is provided to 
softvengo tho sump and return tho oil to 
tho reserve oil tank. 

Two roliof valves arc provided and commoted 
in scries, so that a pressure of about 8 lbs. per 
square inch is maintained between tho valves. 
This low pressure supply is employed to Jubri- 
cato tlio camshafts, timing gears, and propeller 
reduction gears. 

Tlio propeller reduction gear is of the 
compound opioyolio type, in which an annulus 
gear, mounted on the forward crankshaft 
flange, engages plnncts carried by the propeller 



PETROL ENGINE, THE WATER-COOLED 


(102 


shaft, these planets in (urn engaging a 
stationary buu- wheel seemed to the noHopicce. 

There are three pairs of planets, oftoh pair 
comprising a wheel engaging tile internally 
toothed annulus and a pinion engaging tlio 
Him, 

In its original form the sun-wheel was 
anchored by means of an Oldham coupling, 
but iu order to relievo tho gear from any 
abnormal ton]no variations Messrs. Rolls- 
Royce have recently employed a friction 
anchorage for tho nun-wheel, so that this 
mombor may rotate slightly when the torque 
exceeds a certain value. Tho friction anchor- 


ago in provided by means of a muitiplnto 
clutch (see power view, Fig. 2). 

A noticeable foaturo throughout tlioso 
engines is tho uso of relatively lino serrations 
in place of hoys, and as spanner holds in pluco 
of hoxagons and squares. 

Tho graphs {Fig. 4) givo tho brako perform¬ 
ance based on tho average of sovoral hundred 
engines of this typo. 

Tho indicated performance has boon oblainod 
by calculating tho mechanical losses, by tho 
method employed by Rioardo, 1 and adding 
these losses to tho brako moan pressure, thus 
.enabling tho moohanioal ofTioionoy to bo 
arrived at. The moohanioal efficiency of tho 
propeller reduction goar has been takon ns 
1 aco Automobile Engineer, July 1010, 


09 per cent nt 1600 r.p.m., 98'6 per cent at 
1800 r.p.m., and 98 per cent at 2000 r.p.m. 

(ii.) The Yauxhall Fnt/ine .—The following 
description refers to tho 80-08 h.p. Vauxhali 
engine as fitted in tho fast touring car chassis 
produced by Vauxhali Motors Lid., of Luton, 
This engine lias been developed to meet the 
requirements of fast travel on the road, and 
although capable of propelling a suitable racing, 
chassis at speeds exceeding 100 miles per hour 
on the track it is in no sense a freak design. 

The engino lias four cylinders of 98 mm. 
boro and 150 mm. stroke, giving a piston 
displacement of 4T> litres. 

Tho cylinders aro of 
east iron and form one 
monoblook easting with 
alt tho valves ononuaido 
of tho engine. 

The inlet and exhaust 
valves are located in a 
sido pocket forming an 
oxtonaiou of tho combus¬ 
tion chain her, tho axes 
of tho volvo stems being 
inclined to tho cylinder 
axis at an angle in order 
to allow sufficient room 
for the valve spring!), 
while keeping tho com* 
hustiem chamber ns com¬ 
pact as possible with this 
typo of head. 

Tiro valves are both of 

2 in. diameter in tho 
throat. The mutorinl 
used for tho inlot valvo is 

3 per cent nickel stool 
ease - hardened all ovor, 
and for tho exhaust valvo 
14 per oont chromium 
steel. Ovor each valvo 
ft bronze cap is pro¬ 
vided. Valvo guides of 
bronze aro omployed, 
those guides having suit¬ 
able sealings formod on thorn to carry tho 
upper end of tho valve springs. Tho lower 
ond of tho valvo spring is hold by a light 
stool cupped carrier which is attached to tho 
valvo stem by moans of a pair of oxtornally 
oonod cotters, which engage in a recess turned 
on the valve stem. 

In the crown of each oylindor a bronze 
fitting is provided to carry a sparking plug 
and to closo tho oponing in tho water jaoket 
through which tho jaoket core sand is removed. 
This fitting is screwed into tho cylinder crown 
and passes through a largo recessed wnshor 
whioh rests on a facing on tho jaokot and 
serves as a gland box to contain packing 
compressed by a gland and nuts earned 
by the fitting. .By the uso of this con- 
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Htnietion a water- tight joint is (insured 
without straining tho walla of the cylinder 
head. 

On the aide of the cylinder block remote 
from the valves a longitudinal passage j H 
east which communicates with two passages 
passing within the water jacket between 
cylinders 1 and 2, and 3 and 4 respectively 


bosses ns well as in the small end of the con¬ 
necting nid. Slipper surfaces of unequal area 
arc used, the larger surfaces being on the side 
subjected to thrust during the working stroke. 

Considerable advantages are gained by the 
use of tliis typo of piston, both as regards 
mechanical dlieienoy and oil consumption. 
I'ho reciprocating mass can be kept very small 



FlO, G. 


to convoy mixture to tho inlet valves on the 
other side of the block. 

-•'ho carburettor employed is an aero typo 
43 ,lt.A. Zenith and is atlaohcd through a 
wator-hoated elbow to a facing on tho side 
of the longitudinal passage referred to. An 
ox to m al pipe leads hot water from the top of tho 
cylinder block to tho upper side of tho ollxiw, 
Tho pistons used in this engine are Ricardo 
aluminium alloy slippor pistons 1 having two 
rings and the gudgeon pin free to rotato in tho 

1 for a full account of tills type of piston, tosotlmr 
with test results, son Automobile Engineer. March 
1017 mill Octobor 1018. 


owing to Iho elimination of mnoh metal and 
tho favourable disposition of tlnit retained. 
Tho gudgeon |>in is well supported close up 
to the sides of tho small end of tho connecting 
rod, tints removing nil danger of bending, 
with consequent looal overloading of the 
hearing surfaces. Owing to its short length 
and good. support tho gudgeon pin can bo 
made considerably lighter than in tho conven¬ 
tional trunk typo of piston, In addition to 
small mass a further gain ns regards mechanical 
losses results from tho reduction of oil shearing 
surfaces to tho minimum required to deal with 
connecting rod thrust. Thoro appears to bo 
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no- don lit-, us tin; result of extensive experi¬ 
ments, that the siiearing of oil films between 
piston .and cylinder is responsible for a large 
part of the total piston friction loss. It must, 
lie borne in mind that the oil in question is 
largely contaminated by carbon and gummy 
products resulting from tho burning of tho 
oil film during tho working stroke. 

The connecting rods arc II section 3 per 


omit uiokol steel stampings machined all ovor. 
Tho small oiul is bushed with phosphor bronzo 
and the big ond is lined with white metal 
onst direct into tho rod. This white motul 
is retained by two oiroumforoiilial dove¬ 
tailed grooves maoliincd in tho rod and oup. 
Uy ousting tho whito molnl into tho rod 
thren ad vantages are gained: in tho first 
plauo, batter tliornial contact and eonsoquont 
boat dissipation are obtuined, owing to the 
ftbsenco of tho nil film which unavoidably 
forms between a bronze shell and tho rod; 


secondly, the weight of the shell is saved ; and 
thirdly, the bulls, and therefore; tho weight 
of tho big end, is reduced. The saving of 
weight in tho big end is of the utmost import¬ 
ance in a high-speed engine, owing to the very 
serious load imposed on this bearing by 
centrifugal force <luo to the rotating mass on 
the crank pin. 

At high speeds the centrifugal load is tho 
largest component of tho 
big-ond load, and as it is 
always acting in one direc¬ 
tion, this bearing at high 
speeds obtains no relief to 
facilitate tho ingress of 
lubricant. 

Four bolts are provided 
to hold the big-end cap to 
the rod. 

Tho crankshaft is sup. 
ported in iivo (lie cast 
white-metal bearings sup¬ 
ported directly in tho 
crankcase without the use 
of bronze shells. Tho 
orankpins and main 
journals are hollow, tho 
ends of tho Imres being 
filled by cups driven and 
soldered in position. Holes 
aro drilled in tin; forward 
web of each crank throw 
to enable oil to pass from 
the hollow journals to the 
orankpins. 

At tho forward ond of 
tho crankshaft a silonb 
chain pinion is koyed, anil 
beyond tho pinion a slcovo 
carrying claws to engage 
tho starting handle is 
pinned to tho shaft. Tho 
flywheel is bolted to a 
flango formed on the roar 
end of the crankshaft, and 
immediately behind tliis 
flango nu oil thrower is 
turned upon tho shaft. 

As will be soon from 
tho sectional drawings, tho 
bearing surfaeo provided 
for tho orankpins and main bearings is generous. 

The caps of tho main bearings aro supported 
independently of the sump by means of long 
bolls which pass up to tho upper face of the 
top half of the crankcase, the heads of thcRO 
bolts boing sunk in recesses to leave a clear 
surface for the cylinder feet, Tho uso of 
through bolts in this manner is a very desirable 
practice as it transmits the bearing loads 
dircotly to tho oylindor feet and avoids threads 
in aluminium, which are necessary when studs 
aro employed. 
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Tlio crankcase is of aluminium alloy ami is 
split oil tins crankshaft axis. The upper half 
is provided with longitudinal linages adapted 
to support the engine and is swelled out on 
one side to enclose the camshaft. The holt 
oonti-o to centro distance between the hearers 
is 17-75 in., and the depth of t-lio top half of the 
crankcase from the crankshaft axis to the 
cylinder feet is 7-0 in. The omnkenso as a 
whole is particularly rugged, and the top half 
is additionally stiffened hy the monoblock 
cylinder unit. 

The sump serves as an oil reservoir and is 
detachable without disturbing the crankshaft 
or any of the working purls. A littering tray 
is provided in the sump to liUcr all oil which 
drains from the cylinders and moving parts, 
and this tray slides 
into position and can 
ho withdrawn for 
cleaning hy remov¬ 
ing a cover pinto at 
tho front of thosmup. 

At the rout* end of 
tho sum]) a largo 
plug is provided to 
enable a second 
lllter, surrounding 
tho oil pump suction, 
to ho removed for 
cleaning. 

Tho camshaft is 
mounted in three 
plain hearings and 
is driven by u silent 
chain, Hie chain 
wheel lining bolted 
to a centre piece 
which is mounted on 
the camshaft hy a 
cone and key. Tho 
earns arc integral 

with tho camshaft and are of tho ccaontrio base 
circle type. The cams n pernio directly on 
rollers carried hy tho valve tappets which 
work in bronze guides held in position in 
the top half of the crunkcaso hy dogs, each of 
which holds down two guides. 

The oloarunoo hot ween the tappet and vnlvo 
stem is adjusted hy a sot screw and look nut 
carried by the upper end of tho tap pot. At 
tho roar ond of the camshaft an ovorhung 
omnkpiu is provided to oporato tho plungor 
oil pump and tho air pump for placing tho 
fuel tank under pressure. 

The oil pump consists of a long oylindor 
carried by tho top half of the omnkcaso and 
projecting down to near tho bottom of the 
sump. At tho towor ond of this cylinder a ball 
suction valve is provided. The plungor has 
two enlarged portions adapted to form pistons 
and provided with oil-retaining grooves. Tho 
lower of tlioso onlarged pistons is hollow, and 


1ms four inclined holes communicating with 
the hollow and with the annular space con¬ 
tained between tho two pistons. 

On the down stroke of tho pump oil is forced 
from tho underside of tho lower piston to tho 
annular space, from which it passes hy an 
cxtornnl pipe to tho rear ond of an oil- 
distribution pipe cast into tho side of the top 
half of the crankcase. 

On the up stroke of the plunger, oil flows 
into the pump cylinder through tho ball valve 
and fills tile space below the lower of the 
piston portions. A certain amount of oil 
flows hack through tho inclined holes, hut 
owing to the greater resistance offered hy 
these holes as compared with the resistance 
offered l>y tho hall valve, a considerable 


amount of fresh oil is drawn in on enoh up 
stroko. 

A float carried on one ond of a counterpoised 
rooking lovor is provided in tho bottom of 
the sump to oporato a rod projecting upwards 
through tho engine-supporting flnngo to indi¬ 
cate tho oil level. 

The camshaft and magneto are driven by 
means of a silent chain, the tension of which 
is adjusted hy arranging the hearings of the 
spindle of tho magneto chain wheel in eccen¬ 
tric ^housings. Tho magneto is driven hy a 
laminated spring coupling and is mounted on 
a platform in such a mannor that it can 
ho displaced sideways to nceominodato the 
movoinonts of tho spindle when tho chain is 
adjusted. A pulley for a V holt to drive the 
radiator fan is mounted on tho end of tho 
chain wheel spindle. 

Tho carburettor is a 48 R.A. Zenith aero typo. 

The curves shown in Fuj. 7 give tho brake 
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performance ns obtained by Messrs. Vauxhall 
lining a Frond water dynomotor. Tlio indi¬ 
cated performance and mechanical efficiency 
have been arrived at by calculation by tho 
method already referred to. 

(iii.) The. Ricardo 160 h.p. Tank Engine .— 
The two engines already described represent 
examples of the light type of relatively high 
speed petrol etigino in which advantage is 
taken of special materials and a high rotational 
speed for tho development of largo power 
outputs for a low weight. As contrasted with 
this typo there is the relatively lowor speed 
ongino designed to develop a largo torque 
at low speeds and to run at or near its lull 
load continuously for long periods. 

As illustrating this latter type, tho writor 
lias selected the Ricardo 150 h.p. Tank Engino, 
of which the following is a description (sco 
Figs. H and 0). 

in considering this engine it must bo borno 
in mind that its design was in many respects 
controlled by limitations imposed by tho fact 
that it was required to bo interchangeable 
with tho 106 h.p, Daiinlor engine, previously 
used in tho Tank servico, both as regards 
length at tho crankshaft centre lino and overall 
width. Tho depth bolow tho crankshaft was 
also limited, 

It was also required that a minimum uao 
should bo mado of special steels and aluminium, 
so that mild stool had to bo omployed for such 
parts an crankshafts, and aluminium only used 
for pistons and induction pipes. 

Tho boro and strolco are 5'(I25 in. and 7-6 in. 
respectively, and at tho normal apcod of 1200 
r.p.m. the engino develops 106 b.h.p. 

Tho six Hoparato cylinders arc of cast iron 
with largo openings at tho sides, which are 
covorocl with stool panels screwed on. This 
form of cylinder facilitates foundry work and 
allows the cylinder contras to ho brought close 
together, thus shortening tho engino and re¬ 
ducing the bonding moment duo to tho oouples 
arising from each group of lltreo cylinders. 

Single inlet and exhaust valves are provided 
ill caoh oylindor, tho inlet valve being arranged 
above tho oxhaust and operated by a looker 
and^ push rod. Tho inlet valve seating is 
formod in a detachable housing so that the 
exhaust valve can ho changed or ground in by 
removing the inlot valve and its housing. 

As will ho observed from tho illustrations, 
vory great care has boon taken to ensure ample 
cooling of the exhaust valve by carrying tho 
water space all round tho seating. Tho stem 
is cooled by extending the water spaeo as close 
as possible up to tho valve head and by tho 
iiso of a bronze guide which assists in conduct¬ 
ing away heat, 

Tho valves are made of 3 per cent niokol 
stcpl ease-luirdencd all over. Tho caso- 
liardoniug provides a highly carburised surfaeo 


which resists pitting and enables a phosphor- 
bronze guide to be employed without risk oj 
seizing. 

Tho inlet valve is “ masked,” that is tc 
say, it operates as a piston valve during the 
first and last portions of its travel by closing 
into a recess formed round tho valve scab 
Tho fit of the valve head into this recess is 
sufficiently close to prevent any substantial 
flow of gases past tho valve when tho pressure 
difference on cither sido of tho head is small. 

Tho advantage of “masking” is that it 
enables the period between tho valvo leaving 
its seat and returning thereto to bo substanti¬ 
ally longtboncd, while employing a normal 
valvo timing as referred to tho points of 
leaving and ontering tho mask. Tho lengthen¬ 
ing of tho period during which tho valvo is off 
its seat enables n very rapid cut-off to bo 
obtained while using low accelerations, as tho 
valvo can be slowly dropped on to its seat 
after it lias entered its mask. 

As a result of this arrangement tho valvo 
onu bo hold vory nearly wide open until tho 
out dead centre is reached, and tho gases can 
thou bo rapidly out off by lowering tho valvo 
into its mask. Consideration of tho valvo- 
oponing diagram in rotation to piston velocity 
will show that tho gases have excellent 
facilities for filling tho cylinder at tho end of 
tho suction stroke. 

Tho pistons omployotl on these engines nro 
of a type dovolopcd by Mr. Ricardo and known 
ns croHs-lieud pistoiiB, from the fact that tho 
sido thrust due to tho connecting rod obliquity 
is tukon on a cross-head and guide, thus 
relieving tho oylindor walls from all side loads. 

Tho piston is of aluminium alloy and consists 
of a hoad carrying tho rings and provided with 
a tubular extension on its underside. At tho 
lowor ond of this extension bonnes aro formed 
to carry tho gudgeon-pin bushes, and suitable) 
linages aro provided to locate a slecvo which 
forms tho guiding member of tho piston. 

This alcove is made of cast iron and is 
scoured to tho lowor piston flango by T- 
heftded holts. Tho sleeve works in a guido 
lined with anti-friction metal. 

Tho advantages of this form of piston aro 
that it gives a high mechanical eflicieney and 
enables largo diameter aluminium pistons 
to bo employed with complolo absonco of 
piston slap. 

Tho reasons underlying tho inerenso in 
mechanical ollioioney duo to the use of tiieso 
eross-lioad pistons aro as follows. In practi¬ 
cally all internal combustion engines the largest 
mechanical loss is that arising from tho 
friction of the piston on tho cylinder wall. 
In spite of tho fact that the bearing pressure 
por unit aroa and tho rubbing speed in the 
ease of a piston are in gonoral lower than tho 
pressure and speeds found in ordinary hearings, 
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tho friction arming from pistons is greater 
Hum in bearings. It appears probable that 
this in lino to tho fact that in fclio ease of pistons 
ns ordinarily arranged tho rubbing surfaces 
aro lubricated with oil fouled by particles of 
carbon and gummy residues. 

I n tho cross-head piston tho wholo of tho side 
thrust duo to tho obliquity of tho connecting 
rod is taken by tho oroas-hcad guide, which is 
lubricated with clean, inifouled oil, and tho 
head of tho piston, carrying tho rings, is 
relieved of all contact with tho cylinder wall. 
Further, tho reciprocating weight with tho 
orosB-hend construction in aluminium is vory 
cnnsidornhly less than with a east-iron trunk 
piston, and is comparable with tho weight of 
a light aluminium trunk piston of tho sumo 
size. 

The lubrication of tho cross-head guide can 
lm oopious without any risk of excess of oil 
being passed to tho boro of tho cylinder. 
TJio lubrication of tho rings is oll'ectecl by 
providing holes in tho cross-head slcovo, which 
ovoiTim Mm upper edge of the guide when tho 
piston is near tho top of its stroke. These 
holes communicate with tho interior of tho 
piston and allow oil to ho drawn out and 
sprayed on to tho oylindor wall by tho partial 
vacuum caused by tho upward movement of 
tho piston. Any fouled oil draining from tho 
oylindor boro can bo led away ancl prevented 
from contaminating tho oil in tho crankcase. 

Tho pistons aro cooled by contact of the rings 
on tho cylinder walls and by tho circulation 
of aii: which isdrawninto tho chain bnr surround¬ 
ing tho cross-bond guides. This air passing up 
umlor tlio pistons cools tho piston heads, and the 
liont picked up by tho air from tho heads and 
guides warms tho air before it passes to tho 
cnrburoltom which draw from the cross-head 
chain hoi*. Tho heat thus picked up by tho air 
is fnuml to he just sullicicut to supply the 
latent heal- of evapora tion of that portion of tho 
fuel vaporised in the induction system on full 
load, mid tho extra boat picked up on reduced 
loads oU'eotiudly proven Is condensation of fuel 
in the induction system. Tho circulation of 
idf over tho top of tho orankcaso provonts 
undue boating of this part by conduction and 
liy radiation from tho piston crowns. 

It will ho observed that tho gudgeon pin 
is of unusually short length, and it might ho 
supposed that wear would in oouscquenco bo 
oxoossivo. In praotico it lias been found that 
llieso pins arc remarkably free from wear, for 
the following reasons. Tho onds of tho pin 
aro supported in bosses which are situated 
roln l ively closely together, so that tho tendency 
of tho pin to bond under load is small, and 

.. . ”f tho principal causes of 

i pin hearings is romovod. 
rotate both in tho 
meeting rod small 


end, so that tho rubbing spend is halved and 
local wear avoided. 

The connecting rods aro of mild steel Hi 
in. centre to centre length, giving a ratio of 
connecting rod length to crank throw of 
4*20: 1. The small cml bush of bronzo is 
secured in tho rod by swaging a portion of the 
bush into a slot formed in tho top of tho rod. 
Tho big end bearing consists of a white metalled 
shell which is located in the connecting rod 
by means of a pin passing through tho shank 
of tho rod parallel with the orankpin axis, 
and engaging in slots in the flanges of tho 
bearing shell. Tho big etui cap is secured by 
four bolts. 

Tho orankcaso is of cast iron split on tho 
crankshaft axis. Tito seven crankshaft hear¬ 
ings aro wliito metalled shells supported in 
the lower half of tho crankcase independently 
of tho top half of tho orankcaso. Tho bearing 
caps are mild stool stampings to which tho top 
half of Uio hearing shells aro scoured by moans 
of a stem formed on tho shell, passing through 
ft hole in the cap. These stems aro drilled up 
and aro connected to tho oil - distribution 
system, so that they sorvo tho purposes of a 
bearing location and a connection for tho 
introduction of oil. 

The object of supporting tho main bearings 
in tho lower half was to onablo tho crankshaft, 
the main bearings, or tho top half to bo 
removed without disturbing tho huso which 
carries tho engine feet. Any of tho main 
hearings can bo removed and replaced without 
disturbing tho crankshaft, by removing tho 
cap and top half of the bearing and rotating 
the lower shell round tho shaft. 

Tho crankshaft is a mild stool forging with 
solid journals mul hollow crank pins. Tho 
oulsido diameter of tho journals and orankpin 
is 2*876 in., and tho boro of tho pins 1*4371) in. 
Tho lengths of tho journals aro: llywheol end, 
4*0 in.; forward end and centre bearing, 
2*876 in.; intermediates, 2*126 in. 

Tho llywheol is an iron casting 2(1 in. in 
diameter, bolted to a flange formed on tho 
crankshaft. On tho forward end of tho shaft 
a Lanchestor vibration damper is mounted. 

Owing to tho limitation imposed on tho over¬ 
all length of tho engine, tho length of the 
journal and orankpin hearings had to ho 
restricted, and it was decided to favour tho 
big end hearings and to rely on tho ubo of 
balanco weights to rcduco tho loading on tho 
main hearings, should it bo found necessary to 
rcduco tho loud factor on these bearings owing 
to tho poor wearing qualities of tho mild steel 
orankshnfl which had to bo used. 

Tho lubrication is arranged on tho dry huso 
system. Three oscillating valvoices plunger 
pumps aro provided at tho gear end of tho 
engine. Tho plungers are all operated by a 
orankpin formed on tho ond of tho spindle 
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Tying the idle wheel connecting the crank- 
lft pinion and camshaft wheel. One of the 
rnps plica oil under prcssui-o to the 
trilmtion system, and tho other two pumps 
urn the used oil to tho external oil-tank. 

oil sump is provided at each end of the 
io chamber. Each of tho scavenger pumps 
ionnoctod to one of tho sumps, so that tho 
nk chamber is kopb free from accumulated 
even when tho engine is tilted through 
{o angles. 

’ho distribution system consists of a pipe 
ning tho length of tho engine, inside the 
ik chain her, with branch pipes loading to 
h main boaring. A relief valve is provided 
tho flywheel end of tho main pipe, and a 
noil is led from an intermediate point in 
pipe to mi oil-pressure gauge. Oil passes 
a tho main hearings to tho erankpins by 
• of inclined holes drilled through tho 
ilc webs to connect tho interior of tho pins 
i a hole in tho adjacent journal. The 
boles in the erankpins aro drilled at tho 
of tho pins at the point of minimum 
big- 

wing to tho restriction imposed on width, 
lie auxiliaries wore grouped at tho onds of 
engine. 

'io auxiliaries consist of two mngnotos, 
governors, throe oil-pumps, wator-oireulnt- 

■355541 r~1—t—1 



providing for adjustment of mesh of the idlo 
wheel, by mounting it in a spider belted to the 
end of the crankcase so that its position may 
be adjusted. 

Mixture is supplied to tho cylinders by two 
vertical oS-inm. Zenith earburottors, which 
normally draw the 
whole of their air 
supply from the eross- 
bead chamber. A 
hand - adjusted cold 
air supply is provided 
for lino in very hot 
weather. 

The porforinanco of 
these engines is given 

in tho accompanying Q p . t _. 

graphs, which arc self- | ' feS"} 
explanatory. It may “• 
lie pointed out, how¬ 
ever, that as all the 
onginos made worn 
(cslod on swinging 
Mold dynamometers. 



400 SOD BOO 1000 1300 U00 1 600 
Rtmlutlwi per minute - 

Mechanical lass curves 
WO. II, 


<100 OOO MOO 1000 1200 MOO iooo 
flvvaluiloits pur minute 

FtO. 10. 

mmp, and an air-prossuro pump for 
lg pressnm on tho potrol tank. O 110 of 
overrun's onntrols tho maximum ongino 
, and the othor was intonded to open 
lirottlo when tho speed dropped below 
.p.ni. This latter governor was sitbso- 
ly found to he 111111 oeossary. 
interesting featuro in eonnootion with 
mlvo driving gear is the method of 
or., t 


the various friotionnl ami pumping losses wore 
easily aseertainod midor aetunl running con¬ 
ditions as to Icnijioratures by motoring tho 
ongino with fuel and cooling water cut oil'. 

.1 ho motoring method of ascertaining the gross 
moolianicu) losses was checked by Morse’s 
method of milting out one cylinder at a time 
while running under full load, and noting the 
drop in torque equivalent to the indicated 
power of tile cylinder cut out. 

The following mean results were- obtained in llio 
lust eight hours of a ten-hour tent nmdo on n standard 
ongino to establish a heat balance iihcot: 

J-H-P... 

1* 110 I (Hi. porbJi,]), hour) , , . o-fifii . 

Hinko thorimd efficiency . . . 24-7 p.c. 

.. 

indicated thormnl efficiency . . . 2 a -4 p >C( 

Indian ted cnicicticy lcliitlvo to the air 

, "buidnrd.(I4-0 ,,. c . 

Jleat loss to jackets (H.TIi.U.’h per liour) 418,000 
Heat to indicated a ork, , . , 28-*t p.c. 

Heat to cooling water .... 24-t> p.e. 

Ifeat Io exhaust, radiation, etc. . . 40-7 jkc. 

The fuel used was Shell spirit, sp.g. 0-721), lower 
heating value 18,(100 P.TIi.U.’n per lb. Tho air 
standard ellieloney for tlm eonqu'ession ratio of 4-34; 1 
is 44-4 per cent, niul the mechanical efficiency 87 
per cent. 

The following aro some of tho principal data of 
these engines i 

Number and arrangement of 
cylinders .... Sis, vortical, 

separate. 

1,010 .. in. 

Kl >' o!(0 ..-BOO ill. 

(.'omprc-Hsinn ratio . . , 4-31:1 

Normal bjt.p. and speed . . l«f, h.h.p. at 

1200 r.p.in. 

Jirnko mean prossuro . „ , 07-iUln. sq. in. 
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Mechanical cfKeieiicy , 

88 per cent-. 

Indira led mean pressure 

1 tO-l> lbs. sq. in. 

Peel eomimuplion (0-730 a.g. spirit) 

0-030 pint 
b.li.p. hr. 

Bratus Ihernuil ellieieuey 

23 -ft per cent. 

Indicated lliermul ellicioucy. 

20-8 per cent. 

Air standard elUcieney 

44-4 pm-cent-. 

Relative! ellicietiey (fuel supplied) . 

00-4 per cent. 

Om Velocities ( ft , per see,) at 1200 r.p.m. 

Choke tuhe . . . 

. 353 0 

(.'nrlmrullor body 

. 158-0 

Vertical induction pipe 

. 105-2 

Induction manifold 

. 150-3 

Inlet pork .... 

. 103-6 

Inlet valve (period nbovo mask) . 108-3 

„ „ (total period) . 

. 130-8 

Exhaust valve . 

. 148-25 

Exhaust port 

. 140-3 

Exhaust lirnnch pipes . 

. 140-3 

Exhaust manifold 

. 120-0 

Weight of |>is(on complete with 

rings and gudgeon . 

7-25 lbs. 

Total reciprocating weight per 

cylinder . 

10-82 lbs. 

Weight per Hip in. pinion area 

0-435 lb. 

Mean inertia pressuro at normal 

spend. 

33-3 lbs. • 

Weight of rotating muss of con- 

nccling rod .... 

7-13 lbs. 

Total centrifugal pressure «t 

normal upend .... 

1034 tbs. 

Centrifugal pressure -per sip in. 

piston area 

44-4 lbs. sip in. 

Mean average fluid pressure, in- 

eluding compression. 

43-0 lbs. Hip in. 

Total loading from nil sources per 

mp in, piston .... 

HI!) -5 lbs. Hip in. 

Diameter of cmnlqtin . 

2-875 in. 

Rubbing velocity of big cud 

(normal speed) 

15-04 ft. hcc. 

.Width of big end bearing (effective) 

2-25 in. 

Projection area of big end bearing 

(olf active) .... 

0-47 HQ. in. 

Butin piston area/projected big end 

, 

area. 

3-84! 1 

Mean average pressuro on big end. 

421 lbs. mp in. 

Limit factor on big ond bearing . 

0330 llm. ft. see. 

A. T. K. 


Phase (ill Thormodyniunitia). Soo “Thormo- 
dynamicH," {j§ (2d), f/>2); “ Phaso ltulo,” 
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PHASE RULE 

1. InTU()]>UOTJON 

§ (l) I'ntiiouuotohy.—L iquid water may bo 
in t><)uilibi’him with Us saturated vapour 
throughout a wide range of tempera turn and 
pressuro i hut if ono of LIioho variables, lot 
us say temperature, bo fixed, there is only 
one pressure at which permanent equilibrium 
is possible. At 0° 0. this pressuro is 4-0 nun. 
of iiMireuiy, whilo at tho standard boiiing- 
|()()" tlio equilibrium pressuro is 

* ‘ certain temperature, 

ii-bnvo tho normal 


freezing-point, icc, water, and vapour can oo- 
oxiat in stable equilibrium under Mm pressuro 
of tho vapour at that temperature. But, 
in this ease, no variation is possible : at the 
triple point, with ieo, water, and vapour 
in equilibrium, the temperature must bo 
+0°-0()G8 0., and the pressure 4*0 mm. of 
mercury. If either temperature or pressure 
depart from these values, the equilibrium 
will bo disturbed, and cither ieo, water, or 
vapour disappear. 

In these systems we have but one component 
—water substance, tho chemical compound of 
composition H,0. There are three possible 
phases —solid ieo, liquid water, and aqueous 
vapour. Tho thermodynamic investigation 
of the phenomena of equilibrium between the 
phases ill systems of ono or more components 
led Willard Gibbs 1 to formulate a simple 
law to which is given the mime of tho Flume 
Rule, 

§ (2) Definitions. —In more complex sys¬ 
tems, we may Irnvo equilibria such ns that 
between calcium carbonate cm the ono hand 
and limo with carbon dioxide cm tho other. 
In this reaction 

CftCO,—>CaO + CO,. 

When tho velocity of change in opposite 
directions is equal, wo got equilibrium ana¬ 
logous to that between water and its saturated 
vapour. Tho amounts of lime and carbon 
(lioxido cm the rigid-bund side of tho equation 
are independent of each other. We can 
bring more limo into tho system, from outside 
without changing the total quantity of oar him 
dioxido freo and combiuod. Limn and earlum 
dioxide are independent components of the 
system. But bringing in either lime or carbon 
dioxido or both of them will affeot tho equili¬ 
brium, and a ehango in the amount of calcium 
carbonate will bo produced. Hence the 
quantity of calcium earbonato doponds on the 
amounts of limo mul enrbon dioxido. Guloium 
earbonato is merely a phaso in equilibrium 
with other phases. It is not an independent 
component of tho system. 

Wo aro now in a position to appreciate 
tho moaning of the following definitions : 

A Plume is a mass chemically and physic¬ 
ally homogeneous, or a mass of uniform 
concentration. 

The Components of n phase or system aro 
the substances contained in it which arc of 
independently variable concentration. 

II. Tuiciuiodynamio Theory of the 
Phase Rui.e 

§ (3) The EQinr.munm of Isotherm at, 
(Systems.—T he Phaso Rule can bo deduced 
from the two olassioal laws of thermodynamics, 

1 'J'rans. Connect. Acad., 1875-78, II. and ill.; or 
reprint of Willard Gibbs’ papers. 
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xvbioh (ire themselves tho expression of nccumu- 
LiLcd cxpoHonoo in tho observed phenomena 
of tho mutual transformations of heat and 
mechanical work. 

If boat and work aro passed into a ays tom, 
tlic first law or principle of conservation of 
oiiorgy tells ns that tho gain, Se, in the energy 
of tho system is equal to the sum of the hoot, 
S-Tl, passed in (expressed in mechanical units), 
and tho work, 5VV, done on the system. If 
fclxo only work involved is that done against 
ix uniform hydrostatic pressure, it may ho 
xv I'itton ns p 8v, hilt, if other forms of work 
»re do no, wo may express thorn all in general- 
ised cjo-ordinates as whore X denotes 

n.ix intonsity factor, such as pressure or electro¬ 
motive) force, and Sx the change in a quantity 
f/xofcor such ns volume or quantity of electricity, 
Honco tho incrcnso in energy of a system 
xvliioh takes in heat and work may bo written ns 
fi€==aH + 2(X5*). . . (j.) 

Tho second law of thormodyunmies loads to 
fclio concept of entropy, which is such that 
fcho change S</> in entropy when hunt passes 
i ho thermally and reversibly into a system is 
*5JtL/0, where 0 is the temperature, measured 
on tho absolute soalo, at which tho ohango 
occurs, iloneo wo get the relation 5!L ~.08<p 
for a reversible ohango. 

If tho ohango he mm-rovorsiblo (r.i/. if 
fi-icstion or conduction of host through Unite 
tompomhure ranges occur) tho ofiioionoy of 
fclio process is less, and tho inoronso in entropy 
i« gran-tur. Thus for mm-roversihlo processes 

5I I ■< 05r/>. 

Now lot us substitute these rolalions in 
equation (i.), Wo got for rovorsible opomtions 

<Je=^/HdS(X«*), . . (ii.) 

and for non-rovorsihlo opomtions 


<Se«>30-| 2(X5a-). . . (ijj.) 

If wo subtract from each side 
8(0'/>) — 05tfr-\ 1 - ipSO, 

wo obtain tho equation and tho Inequality 

o(ff - 0<p)s= - if,SO -i- S(Xtto:). . (i v .) 

T-»C3 fc 11 s mipposo that wo keep tho temperature 
ofmatunli, that is, that wo deal with an iso- 
thorninl system. Sinco tlioro is no ohango in 
O, SO is zero, and wo got 

S>p^2(X8x), . . , ( Vl ) 

' vv | 1 5 >vo ^ iH writtcn for c - (Up, a quantity 
will often reour in our investigation. 
Wo can now seo tho physical sjgni/ioanco 
of thin quantity Sp. It donotos the total 
ft-ixxo vint of work, of whatovor kind, which is 
pub into a system during a small reversible 
j«ofclxennal clmngo in tho system, and ~Sf, 
.V 3 . f fo (,ronst) hi tho funotion <p, is tho work 
W'liicili can bo obtained from tho system during 


B«oh a change. Hence f or its decrease is 
known as tho free energy or tho available 
energy, and is often written as A in chemical 
treatises. 

If we restrict ourselves to operations carried 
out at constant volume, or, in tho general 
case, where any kind of work is done, to 
operations where thero is no change in .r, 
Sx vanishes, and wo get 

• • . . (vi.) 

for reversible and non-reversible operations 
respectively. 

Now nil real processes aro more or loss 
non-rcversible. Reversibility, in the thermo¬ 
dynamic senso of tho word, is a condition in 
which an infinitesimal ohango in ono of tho 
co-ordinates of tho system, such as temperature 
or pressure, sudicea to reverse the direction 
of clmngo in tho system. It is an ideal state, 
which wo may approach more or less nearly, 
but cannot reach, sinco such influences as 
motion and conduction of heat cannot wholly 
bo excluded, iloneo for nil real isothermal, 
constant-volume operations must lie less 
Ilian ssoro, that is negative, and must sudor 
a decrease. 

I-ot us imagine that ^ 1ms reached a minimum 
value. Then, for any fmtlior small change, 
it onn decrease no more. If it niter at all, 
it must increase, lint, sinco a real clmngo 
must involve a deereuso in \p, no real clmngo 
oan occur whim i p is a minimum : the system 
must ho in equilibrium. 

I him wo reiteh tho necessary and siillleient 
condition of equilibrium for u» isothermal 
system in which the quantity factors x, suoli 
as volume, aro kept constant. Tho condition 
la that tho \p function should bo a minimum. 

In mechanics wo similarly got equilibrium 
whon a potential is a minimum, and honco, 
by analogy, tho \p funotion is called a thermo¬ 
dynamic potential—tho thermodynamic poten¬ 
tial at constant volume. 

In order to investigate the condition of 
equilibrium for a system at constant pressure, 
or, in tho genoral ease, when tho intensity 
faetors X in the expression 2,(Xdx) for tho work 
of all kinds are kopt constant, wo must return 
to relations (ii.) and (iii,), 

&e^08</>-\S(X(lx), 
and subtract from each side 
5{0</, -i-v(X.t)} - 0S<p + ipso -t-2(X.5a') -| S(*5X), 
thus obtaining tho relations 

S [e ~0<p- v(Xa:)} £= - <j,80 - Z(xSX). (vii.) 

If wo write f for e - - £(X«!), and restrict 
oursolvos to isotlionnal oporatioiiH, wo got 

" 2{x8X), . . (viii.) 

relations which indicate that has not 
suoli a defmito physical significance ns Sf, 
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tlie available! energy. Nevertheless, f gives 
us the condit ion we seek. 

If wo work ufc constant pressure, or, in 
the general ease, when all X’s are constant, 
oX vanishes and 

of5=0, .... (ix.) 

where, as beforo, the equation characterises 
reversible and the inequality irreversible 
processes, ]fence it follows that, when f is 
tv minimum, no real, t'.e. irreversible, process 
can ocour, and the system must bo in 
equilibrium. 

Wo Imvo now obtained a complete solution 
of the problem of tho conditions of equilibrium 
of isothermal systems.in the two cases which 
are at once the simplest and most important. 
When tho re’s (including tho volume) uro 
constant, \p must bo a minimum, and when tho 
X’s (including tlio pressure) arc constant, f must 
bo a minimum. 

The functions ^ and f are thormodynamio 
potentials, and iuvolvo tho internal energy, 
tlio temperature, tho entropy, and the co¬ 
ordinates X. and x of tho system. \p and f 
arc thofoforo functions of tho composition, 
tlio temperature, and tho pressure of unit 
muss of tho system. 

§ (4) Tun EqviMUitiUM or Phases.—-L ot us 
cmeo more return to tho consideration of tho 
system with which wo hegnn—a liquid, water, 
in contact with its saturated vapour. If a 
small mass Sm of liquid evaporate at constant 
volumo, thoro will bo an incronso, say, 
in tho value of f , for tlio vapmir, and a do* 
crease, of. lt in that for tho liquid, while, if 
tho change ooour at constant pressure, the 
corresponding quantities will lie ifj and 5j' s . 
Tho total rate of inoronsc per unit mass 
evaporated is therefore 

#i_#s or ( }h _ 
dm dm' dm Urn 

in order that the system should bo in 
equilibrium, f or f must ho a minimum, and 
Ihoioforo the differential coelfieientmuHt vanish. 
Hence tlio necessary and sunieient condition 
of equilibrium for tho cumponont water sub¬ 
stance in tlio two phases is 

. d\l/i (I'li 3 ) 

at constant volume 

<’ • • ' x d 

and at constant pressure | 

Those quantities wore named by Gibbs tho 
chonvionl potentials, and, for brevity, tho 
equations such as (x.) may bo writ ton as 

Pi-P a* 

At tlie triplo point, where ico, water, and 
vapour coexist in equilibrium, wo have also 

and g a =/h' 


But the last is not an independent equation, 
it is implicitly contained in tho other two; 
for threo phases, containing one component, 
wc have two independent equations when tho 
threo phases are in equilibrium. 

§ (5) Thu Phase Rune.—Wo aro now ready 
to nonsidor tho general problem of equilibrium 
in a system containing r phuBCH and n com- 
pnnents. 

For each component wo can get a sories of 
equations like thoso just obtained, giving tlio 
conditions of equilibrium for that component 
in pairs of coexisting phases. As before, the 
best possible equation will bn implicitly con¬ 
tained in tho others, and tho number of in¬ 
dependent relations is consequently one less 
than tho number of phases, or r - 1. In tlio 
whole system, containing n components, wo 
shall liavo a series of thoso equations for each 
component, since, if tlio wholo system is in 
equilibrium, each component must bo in 
equilibrium in oach pair of coexisting phases. 
For instanco, in a mixture of water and 
alcohol in equilibrium with the mixed vapour, 
both for water siihstanco mid for alcohol sub¬ 
stance must Hi—Hz. Honeo, in tho wholo 
system, tlio number of independent relations is 
ii (r- 1), 

and these aro relations botwcon quantities 
which uro functions of the composition, tlie. 
temperature, and tho pressure. 

Lot us now ask what is tho mini her of 
independent variables in tho system of r 
phases and n components. 

In unit muss of each phnso thoro may be 
n components. 'L’ho composition of the pint so 
is known if tlio masses of n - 1 of those com¬ 
ponents are given. For instanco, in one grain 
of a solution of a salt in alcohol and water, if 
wo know that thoro is half a gram of water 
and a quarter of a gram of alcohol, wo do not 
need to 1 h> told that there is a quarter of a 
gnun of salt. 

Altogether wo have r phases of which this 
is true. lienee the number of independent 
variables defining tlio concentration or com¬ 
position of tho system is r(n - I). But, besides 
tlie composition, wo must know tho tempera¬ 
ture and pressure. Tlio volumo of unit mass 
will then of course bo fixed, and is not an 
indopondonb variable. Hence to tho internal 
variables, defining the composition, wo must 
add two, tho temperature and tho pressure. 
Tho wholo nunibor of independent variables is 
thus 

r(»- I) -1-2, 

and, to determine thoso variables, wo liavo 
n(f-l) indopondonb equations, containing 
functions of thoso snnto variables. 

If wo liavo tho samo nunibor of simultaneous 
equations as wo havo independent variables, 
tho variables must each have ono and only 




PHASE RULE 


013 


o do lor minute) value. That in, tho system 
i in equilibrium only at ono tompora- 

■ O, t»iiu pressure, and ono composition of 
di ViVfiuMe phase. Snell n system is known 
non-variant or invariant, it iH dolinod by 

n(r- 1) = >•(»- 1) -t-2 

n - r + 2 = 0. . . . (xi.) 

11 io otlior band, if thoro aro loss in- 
iondont equations than thoro aro variablcn, 
By. hIo m will not ho completely determined. 

«-xi.sb in equilibrium in dill'oront comli- 
1H > mici its amount of iiulotoriuinotlnc&s will 
roaiso with tlio excess of variables. For 
■aneo, if thoro iH ono moro variable than 
i’o ai’o equations, ono unknown will remain 
IH'.cu iiorl, hi tho oquilihriiun botwoon a 
lid and itH vapour, n is 1 and r in 2 ; honco 

n -r -I- 2 - 1. . . . ( X ii.) 

‘liisi^ r-ryntom is known «h monovariunt or 
vuridiit. It <tan exist in equilibrium 
a wide range of temperate ray and 
laurtJH. Hut, if ono of those variablos Imi 
d, fclio otlior is lixod also. At 50 ° 0 ., for 
•nplu, equilibrium is only possible botwoon 
lh* u ml Htomn at a pressure of 1 ) 2*3 mm. of 
oinry. 

n now hoo that tho oxoohs of tho number 
itji<tl>|<)H ovor tho nnmhor of indopondont 
vtioiiH botwoon tliom may rightly ho oallod 
iium Jtor of degrees of freedom of a system, 
tin m miher lie written as If, wo have 

- l)-l- 2 -w(r-I)«»-r + 2 (xiii.) 
lui H.ytDhniie oxprosHion of Willard Gibbs' 
10 Rule, wliieli, ]>iit into words, is : 

1« 11111111)01 of degrees of freedom of a 
mi in equilibrium is two moro than tho 
nn of tho mini her of components ovor tho 
l»or of coexisting phases. 

LX -A_i.*i>r,iavrioN of Tim Phasn J.tuim 

;<i) OfSlO-OOMI'ONKNT KVSTKMH.—As tllO 
lent mid most familiar application of tho 
o Rule, lot us deal with tho phouomona 
uililji’iuin botwoon the different phases of 
r Bu l.iHtnnoo. 

oliLnin a non-variant system, wo must 
ns In equation (xi.) 

E-?i ~f-i-2 = 0. 

■ thoi-o is only ono component, n is unity, 
vo fI nd 

r-.l. 

to gut a system which is completely 
iotl, tJiroo phases must eooxist, or ieo, 

■, mid vapour can coexist in stable oquilt- 
i tit ono tomporatuio and one prossuro 
v i'A. (it the freezing-point H-0°*000a C., 

• ilio pressure of tho vapour, which is 
mi, of moronry, 

3 f iiftlioi* relations of a ono-oomponent 


system, ns illustrated by tho Phase Ruin, am 
best exemplified by means of a piano diagram, 
drawn between temperature and pressure ns 
ordinates (Fig. 1 ). On this diagram the in¬ 
variant system of throo phases is 1 'oprosonted 
by the point P, tho so-called triple point. Both 
tomporuturo and pressure aro fixed and de¬ 
termined. 

hot ns imagine that, to this system of thrno 
phases, boat; is added. Ieo will gradually melt, 
but, as long as any ice remains, neither tem¬ 
perature nor pressure will change. Tho molt- 
ing-point is constant and the vapour pressure 
is constant. 

When the Inst particle of jeo disappears only 
two phases are loft. In tho equation (xiii.) r is 
now 2, and B hoeomes unity. We have tho 
system of liquid 
and vapour in J 

equilibrium as ex¬ 
plained abovo; wo 
have a univnriant 
systom. Oil the 
diagram, this 
system must ho 
represented liy a 
simple lino — that 
in, by a figure 
which, for one 
value of the abscissa, bus one value of the 
ordinate only, in this ease, the lino is PA, tho 
well-known vapour pressure curve of water. 

It ends at the critical point, whore the tlis- 
linothin between liquid ami vapour ceases 
u,, d wbovo whioh only one phase exists. 

Tho slope from point to point of curves such 
us this is given by the so-called,.Latent limit 
Equation, 1 

,lj> - L , • , 
do Ofa-vj ' 1 (- v ' iv 0 

wliore p is tlio pressure, 0 tho tompomtura 
measured on tlio nhsoluto sealo, t’g-tq tlio 
oliango in volume jmidueod whon unit muss 
of ono phase ])asH 08 into tlio otlior, and L tho 
Intent heat, i.e. the amount of boat, moasurod 
in inouhanleal units of ouurgy, that must be 
added to enuso tiiis transformation. Tho 
Plmso Rule enables us to predict tlio number 
and meaning of these curves of equilibrium, 
and tho Latent Heat Equation gives Ihoir 
slopo, ^ llonco tho Plinso Rule and tlio Latent 
Heat Equation contain togolhor tlio complete 
solution of tho problom of equilibrium. 

And now lot us return oneo moro to a 
mixture of threo plumes at tlio triple point. 
Instead of passing heat into this mixture, lot 
us imagine it to bo abstracted. Water will 
gradually froo/.o, but, so long ns any liquid 
remains, tho toniporaturo and prossu ro aro 
unaltered and wo still huvo ail invariant 
system. 

1 Sec article " Thermodynamics.” 
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Hut, when tho last drop of water freezes, only 
two phases, ieo and vapmir, romuin. Again, 
in tho equation (xiii.) r in - and F ja unity, 
and oiLoo mnro wo must represent tho system 
on our diagram 1 iy a line. This ottrvo PE, 
showing tho equilibrium between solid ico and 
aqueous vapour, is tho vapour prufisuro onrvo of 
ieo below tho freezing-point. Since tho latent 
heat of tho change from solid to vapour near 
tho freezing-point is tho sum of those for the 
changes solid to liquid and liquid to vapour, 
tho slope of this curve is greater than that of 
tho vapour pressure curve of water, and tho 
curve for ieo lies below that for under-cooled 
water. 

Pin ally, if ins toad of passing heat into or 
out of tho invariant system, wo attempt to 
increase tho pressure, its rise will ho only in* 
linitcnimal ; vapour will condense, and the 
volume will diminish. Whon all vapour has 
gono, wo get the tmivarianl system liquid water 
and solid ieo. Tho curve of equilibrium Pi), 
since tho change in volume from ico to water 
is small and negative, is shown by tho latent 
heat equation to he very stoop, and to slojio 
upwards from right to left. It gives tho de¬ 
pression of freezing-point as prossuro increases, 
which is one dogroo centigrade for about 147 
utmonphorea. 

§ (7) Two- component on Binauy Systems. 
—As an example of a simple system containing 
two independent components, wo will take 
water and an anhydrous salt such as potassium 
uhlorido. In the i’lmso Rule Equation (xiii.) n 
is 2, and to got a non-variant equilibrium wo 
have 

If—0 2 — r + 2 

or r— 4. 

Tho four possible coexisting phases aro crystals 
of ice, crystals of salt, saturated solution, and 
the vapour, which, since tho vapour pressure 
of tho salt at ordinary temperatures is negli¬ 
gible, is tho vapour of water only. 

Our plane diagram, whom tho co-ordinates 
aro tomporaluro and pressure, is now inade¬ 
quate, hceauHo a now independent variable 
appears—the concentration of tiro solution. 
Per graphical representation, we shall want 
another ax in, and therefore wo must take a 
throo-dinumainnul model, which can ho indi¬ 
cated on n ]llano diagram by a perspective 
sketch {Fig. 2.1, 

In this model, tho invariant system of four 
coexisting phases is represented by a point P. 
Tho oo-ordinates of this point are lixod by tho 
tompornturo l corresponding to the freezing- 
point of the saturated solution under its own 
vapour prossuro, tho vapour prossuro j>, and 
the composition c of that solution at tho 
freezing-point. For water and potassium 
chloride t - ll°'I G.,p — 2-0 mm. of moroury, 
ami o 5=2445 grams KOI to 100 grams II B 0. 


This constancy of composition anil of molt¬ 
ing - point used to he thought characteristu! 
of elements or definite chemical compounds 
only. And Guthrie, who first investigated tho 
phenomena of these invariant systems, called 
tiio mixture of solids oryohydrates. 

hot heat ho passed into this non-variant 
mixture. Ico melts, and salt dissolves in the 
liquid so produced to form more saturated 
solution ; the co-ordinates are unaltered. Rut 
eventually either salt or ico fails. If ieo fails 
lirst, leaving oxcoss of salt, wo are left with 
salt, saturated solution, and vapour—threo 
phases which, in accordance with tho rule, 
form a univariant system represented by a 
lino such ns PA in our solid model, tho 



vapour pressure curve of a solution saturated 
from point to point as tho tomporaturo rlscis. 

If, on the other hand, tho supply of salt 
fails, leaving oxcoss of . ieo, the solution grows 
more dilute as ico molts, and in tho end, if 
tho amount of ieo is unlimited, the solution is 
iiilinitoly dilute, /.«. this freezing-point curve 
ends at B, tho freezing-point of pure water. 
Along its length tho concentration varies fast 
—it lies quito out of tho piano of tho skotoli 
diagram. 

If heat lio takon from tho non-variant mix- 
turo, liquid vanishes, ami wo got PIC the vapour 
pressure curve of mixed ico and salt, while, if 
tho vohimo he diminished and finally pressure 
ho increased, wo obtain tho last possible uni- 
variant ays tom made up of ieo, salt, and 
saturated solution, ropresontod in Fig. 2 by 
the line PD. 

Tho four curves so obtained mark out 
edges in tho solid model, and these edges form 
lines of contact between sheet-surfaces, Nuoh 
surfaces represent di-variant systems with 
two degrees of freedom, and, as tho Phase 
Rule shows, two phases in equilibrium. For 
tho example taken, these pairs of phases arc 
written on tho diagram ( Fig. 2). 

Finally, botwoon tho di-variant surfaces 
three-dimonsional spaces exist, representing 
the three degrees of freedom oharaotoming 
systems containing one phaso only. The 
meaning of each space on the diagram can 
bo seen by tailing tho phase common to tho 
two surfaces which bound tho spaco in question, 
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o ooniploto significance ,»f tho diagram is 
w I'icar. 

J bin tliagmm also represents (lie phenomena 
equilj J,mim between water ami a hydrated 
fc such as sodium sulphate, i\ r a.,SO,. 10ILO, 
i.y•!r«. t cj ” beingsulistiluted for “ salt” wlierb 
xiori r« in Fit/. 2 . Ju this case, the curve OA, 
' m S LI i o equilibrium between hydrate, solu- 
,l » JX,lc t vapour, ends at 32° C!., whore tho 
Ira to molts and passes into anhydrous 
J1,111 H • ilphato and water. At this point, then, 
got ixnoUitsr non-variant system, the four 
ossfi ,ry phases being solid' hydrate, solid 
lyilrona salt., liquid solution, and the 
K»m>. From this ]>oint start four nni- 
imii> curves, repeating rpialitatively tho 
iiiomonn of Fig. 2. 

Vhcn we pass from tho qualitative to tho 
.titi t.ivtivo study of tliosc ]ihonomonn, Uio 
oral Aicotoh of tile model must bo replaced 
a l>r< jjootion of the univariant curvo in 
.stioti on one or other of the three planes. 
ih i>oriiLiontH on the conneetion between 
jjcrtttmo and solubility aro represented 
[irojnoting the curvo OA on tho C-f plane. 

to do this, the pressure at oach point 
.iltl bo that of the vapour at that point, 

. ftliton Uio solubility of a solid does not 
igo much with pressure), the simpler ex- 
mont.H made under constant atmo- 
n-io jircssure give the theoretienl uni- 
mih our vo with enough aeeuraey. 
niplo illustrations may ho tnkon from 
tionpi of salts in water, or, to open now 
iml,. from alloys. Fig. JJ shows tho 
libri\iin hetweou silver and coppor. 

) bM vor molls at 0(10°, and the ad- 
hi of copper lowers tho melting-point 
. mi i variant manner. On tho other 
1 , pu re copper melts at l<)81°-/>, and 
uklitinti of silver similarly lowers (ho 
ing-Iioinl. Tho two eurvos out enoh 
r at ei point B, where thero are 40 
lio per oonta of coppor and tho tom- 
fcuro is 111 0 . Here we get four 
OH : crystals of tho two pure metals, 
liquid, consisting of tho saturated 
•ion of ouch in the otlior, and (ho 
'ti'. -Uy tho Phnao ltulo this is a 
variant system ; microscopic exumina- 
shows that its crystalline structure is 
i uniform than that of a mixture of 
oldior proportions, and it is honco 
1 n. on lectio alloy. Tho crystals aro 
! of j jure silver, represented by IS, 

d with thoso of pure copper, ropro- 
d I"’. .Below 777° no liquid can 

. lioncio underneath tho horizontal lino 
wo Irnvo a region in tho diagram which 
Btm.C s hi did alloys made of mixtures of 
>r ocyBials and silver erystals in varying 
In tho region AEB wo have 
ala of silver and a solution saturated 


with silver, and in CBF copper and a solution 
saturated with copper. Above the equilibrium 
curves AB and OB no solids exist, and the 
liquid is an unsaturated solution. 

if a melted alloy, sueli as that represented 
by tho point G in Fig. 3, of composition 



richer in coppor than that of tho outeolic 
mixture, ho cooled, solid copper, represented 
by tho point M, is deposited whoa the tompom- 
Uirc falls to that corresponding to tho point II. 
Iho residual liquid thus becomes rielior in 
silver.. It changes as indicated by tho curve 
I IB, till its composition is that, of tho outeolic. 
At B silver and coppor arc deposited together 
in eutectic proportions till tho whole system 
is solid. Microscopic examination of tho 



Fill. 4. 


solid so obtained will show the larger crystal 
of pm-o copper first deposited, com on ted to- 
gotlior by a conglomerate made of the smaller, 
more regular crystals of both metals deposited 
on tactically. 
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The copper-silver diagram of Fig. 3 will also j Uio so-called solute and Holvont. Along the 

curve CB the solution is saturated with mill 
in equilibrium with unit, and along All it is. 
saturated with ice. At the eutectic point 11 
hoth ice and salt exist. Fuj. ‘1, therefore, will 
represent the equilibrium between water and a 
salt, if ico bo read for silver and salt (or copper, 
If water and salt combine to form a hydrate, 
or if two metals, such as antimony and cupper, 
^ + form a compound, we get as one possibility 
-Solution ft diagram of the typo shown in Fit). 4, 1 
.If the compound have the composition re¬ 
presented by II, tho vertical lino T"1'!IJ 
divides tho figure into two, each part being 
analogous to tho complete diagram in Fi<j, 

At E the solid hydrate or other compound 
is in equilibrium with a liquid of the sumo 
composition, and wo get a constant melting- 
point. Adding either component (a this 
compound onuses (ho melting-point to fall. 
Along the curve OKI) tho hydrate is in equi¬ 
librium with tho saturated solution. At C 
wo have a non-variant on tootle point whoro 
hydrate and ico are the solid phases, and at 
1 ) another outcotic point with hydrate and 
anhydrous salt ns solids. 

If a liquid represented by U be cooled 
along UR, solid hydrate), represented by X, 
appears at F. As more and more hydmlo 
crystallises out, tho coin position of tho liquid 


Fio. r», 


K H J S 


qualitative way, the cquili- 


rcpresent, in a 
hrluin between 
water and an 
a n 1) y dr o u h 
salt. Tho point 
A represents 
the melting- 
point of ice and 
tho poi nt C that 
of tho salt. 

For potassium 
ohloride, for 
iriBfcftnoo, this 
point ia 7110° 0. 

Practically, the 
investigation of 
this case pre¬ 
sents cliff i- 
eultics, since 
above 100 ° (!., 
owing to the 
high vapour 
pros sure of 
water, tho ex¬ 
periments have 
to ho carried 
o u t u n cl o r 
rapidly increas¬ 
ing pressures, 
hut tho change 

thus produced in tho state of equilibrium of 
tho solid and liquid phases is very small, 
mid, thoomtieuUy, tho diagram brings out tho 
fact that there is no real distinct inn botwcon 


MgOI* 311,0 
Solution 


H(jCf 3 -4// a 0 
+ 

M(jCI,j'2/f 3 0 



I'm. fl. 


changes, tho proportion of water inorousing 

1 Flga . 4, 5, fl, and 12 to IS nvc (niton, by permis¬ 
sion, from Dr. I). A. cubisms' book, The hincivkx of 
I'linw. Theory (Macmillan A Co.). 
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; h filing temperature ns slimvn by Dio 
■vo .1' (X At l! ice appears. 

> u t,,t5 ol-lior hand, if II liquid richer in suit 
il tile hydrate. bo cooled along VZ, tho 
IriLtc X n | q join's at 0 anti tho raid uni 
ikI booomes increasingly mine saline till 
iyilform K alt crystals appear at D. 
t is i n tmesting to note that if water bo 
pointed at constant temperature from an 
aturat-erl solution ro presen ted by Y, so 
t wo puss along tho horizontal lino YL, 
} iqun I will solidify at F, but tho system will 
in Jitl tiofy at U, whoro Dio lino once more 
,rH region of unaaturated solutions, 

will i-omain wholly liquid till K, whom 
ydivnis H alt appears. When all water is 
pOL-nted, we are left with ]mre salt at L. 
nothor ]>ossibility is shown in Fig. fi. 
o tho non-variant point 1) has a liquid 
ho containing more water than does tho 
j'lLto—that is to say, is on tho left of T"M1L 
nni' up the curve (111 from left to right, 
plums salt appears before tho composition 
i.'Hpon* ling to the pure hydra to is reached. 
litlH of oomposition V or U when cooled 
>sib an hydrous salt at L ami K rospoutively, 
liytlrn to when tho residual liquid reechos 
transition point .1). Isothermal evapom- 
ulonif YE produces hydrate at Z, which 
n voitad into anhydrous salt when dehydra- 
Login h ut It. 

►tlx theme possibilities am actually found 
ui pluvnomena of equilibrium of water and 
iiosium tihlorido, a salt which crystallises 
.1 2, K, (I, 4, and 2 molecules of water to 

Jivo diJYcrait hydrates. The moaning 
'< y nj. <.{ will lio clear without further 
million. 

H) MtXKU (JltVSVA 1.3 OH HoLll) SOLUTIONS, 
iliorbo wo havo dealt with systoms where 
mly iplinso with continuous variation in 
ictuition was tho liquid. Tho solids have 
ary stills, such as ice, salt, a hydrate, or 
tal, of mu! definite ehemlonl ami physical 
-ibution. Rut solids am found willi 
iiuoiis variation ; they are called solid 
i<tnn or mixed crystals. For instanco, 
s. long boon known that in crystals of tho 
h, cjiio metal such as sodium can replaco 
xoe si toll as potassium by insensible 
,bi<niH, causing no change in the form of 
rystiiln. 

o tlioE-modynainic theory of these vnriabio 
1 ilium? a lias been worked out by Roozo- 
» L by n method originally duo to van 
van Allcoinnde. 2 

• hnvei already seen tlmt the condition 
[uilibrjitm of each componont in two 
Ring phases is 

■^i or 

dm dm’ dm dm ' • 

1 Zeils. vim. (Them., I fill!), xxx. 035. 

’ Ibid., 1803, xl. 2811. 


according ns the system is maintained at 
constant volume or at constant pressure. 
These differential coefficients give the slope 
of the corves in a diagram drawn between 
ip and m or f and m as ordinates. When 
m and therefore the concentration of one 
component in Die other is small, wo get a 
characteristic dilute system, tho energy rela¬ 
tions of which correspond to those of any othor 
diluto solution or of a gas. The work done 
during an isothermal compression of a gas is 1 


wiRT log 



whoro m is the mass of tho gas, R the gas 
constant, T the absolute temperature on tho 
gas scale, and p, and the 
initial and final pressures. 

In tho problem which now 
faces us, it follows that the 
work done in introducing a 
further small quantity of sub- p V? Jt 
stance is of the form «-|- log bin, 
whom a ami b aro independent *' 

of m. When the concentration is 
indefinitely small, in approaches 
zero, and its logarithm - co. 

TJio curve must Ihcroforo at first 
touch the axis of \p or f. In 
the diagram of Fig. 7 the pure 
components A and R are repre¬ 
sented hy the two sides of l be 
figliro, while systems of mixed 
composilion are denoted by 
Intermediate jminls. In Rivi- 
sions L, II., HI., and IV. of tho 
figure, the vertical axis gives 



A Case." U 
tilt. 7. 


the value of f or f; in Division V. it gives 
Dio toinpomtiiro. 

With two variable phases, liquid and solid, 
wo have two ourves, and wo now sou that 
each of theso curves must start vertically 
downwards from each side of tho diagram. 
Lot us consider Dio possibilities of form in 
the rest of the curves. 

The simplest possibility is that both curves 
should run from end to end with no changes 
in the sign of curvature, ns in Fig. 7, Division 
!• * 11 Ibis figure shews Dio two phases above 
tho niolting-point of oithor componont. Tho 
liquid being tho stable phnso, its potential 
must bo less than that of Dio solid, and its 
curvo lies below, At a melting-point, solid 
and liquid aro in equilibrium, and Dm corn:- 
spending ends of tho two curves coincide. 
At seme lower temperature, for oorlain com¬ 
positions, the solid is stable, and Dio two 
curves out each other ns shown in Division II. 

Now Dio condition of equilibrium ns givon 
in equation (x.) is that d&fdm^d&ldm, U. 
Dint Did curves should havo a common tangent. 
This is.satisfied by tho points a and b, which 

1 See article “Thermodynamics." 
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therefore give the compositions of liquid and 
solid in equilibrium with each oilier at this 
temperature. Division 111. represents similar 
equilibrium at a lower temperature, while 
JV. shows the e ui ves below the 
melting-points, when the solid is 
Hits only stallle phase. 

These four wj' diagrams non 
now he used to construct an ml 
or freezing-paint diagram, show¬ 
ing the relation between com¬ 
position ami melting-point as in 

a J Division V. At the tempera Lores 
of II. and Ilf. n liquid of com¬ 
position a is in equilibrium with 
a solid of composition b, and wo 
thus get two curves in Division V., 
the upper corresponding to the 
liquids and the lower to the solids 
in oquiiihriuni with each other. 
Those curves mo called tlio liquid us 
and solidus respectively. 

When a liquid of composition 
Vi cools, solid of composition o 
appears when tho liquid is at n. 
As tho liquid varies in com- 




A Cona ! 1 U 
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position from n to p, tho ho] id in equilibrium 
with it <ilinages front o to q, at which latter 
point tho whole system has become solid. 

In stead of nutting each other as in Fiy. 7, 
tho ml’ curves may lirat eomo into contact 
nt un iutonuediato point ns in Fig. 8. TIiIh 
gives ml curves ns shown in Fig. 8, Division V. 
If the ml’ curves Ieavo enoli otlicr nt a point 
ns in Fig. J), the ml diagram is as shown 
therein, while, if one curve suffers 
a change in ourvutiiro ns in Fiy. 
10, tho thormodyiminio potential 
between certain points is higher 
than it is at those points amt the 
compositions between them um 
unstable, tho oryatals jmssing 
L spoiltamiously into mixtures of 
1 tho solid sol a thins ■represented by 
fcllO points. Tho corresponding 
freezing-point, diugmm shows that 
|i’ at a temperature c a liquid of 
composition r, in in equilibrium 
with solids of composition both d 
and e, no solid solutions of inlcr- 
i not I into composition lining stable. 

I hi tween the two lines did and clou, 
wo got mixtures of two solid solu¬ 
tions of compositions represented 
by points on tlmso lines. 

Wo arc now ready to eiueidato 
sumo of tho complex phenomena 
of solid solutions which have boon dis¬ 
covered, especially in tho ease of alloys. 
Tho experimental investigation aonsistfichiofly, 
firstly, in observations oil tho rate of 
cooling, when, owing to tho ovolulion of 
latent lio.nt. n slowing down in the rate 
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of cooling marks a change of state whether 
from liquid to solid or from one solid to 
another; and secondly, especially in the euso 
of alloys, in the niioroseopic exam inn tic in of 
polished surfaces of the solids 
which have been suddenly cooled 
from a definite temperature by 
chilling in cold water. Jly this 
chilling, the crystal lino structure) 
at the given temperature is fixed 
permanently, and it can I hen ho 
examined at leisure. It is found 
that ouch kind of element, com¬ 
pound, or solid solution has a 
characteristic crystalline stnie- 
tui-c by which its presence can 
be detected and its appearance 
and disappearance traced. 

Eel us tukons an example tho 
work of Moycook and Neville on 
tho bronzes, that is, of alloys of 
oopporand tin . 1 Fiy. It bIiowh 
tho equilibrium curves from pure 
copper to an alloy containing 
80 atomio percentages of tin. 

Abovo the “ liquidim ” curve, 

AHCDEl'TUr, the alloys consist p- 1CJ _ l()i 
of a homogeneous liquid, and 
below the “solidus” curve, AMm/E a E,H"M, 
tho whole mass is solid, but, oven in thin 
solid mass, olnmgoH of structure go on when 
tho conditions are altered. For in stance, tho 
two curves IX. and F/X, which out each 
other at X, eucloso a region which represents 
homogeneous solid solutions of varying com¬ 
position. Along IX. and E'X, these soliitinna 
are in equilibrium with other solids which 


/ u h a I 


Atomic Pur cmilsof flit 



oryRtalli 80 out when tho mass is cooled slowly 
(as down tho dotted line) so as to cut one of 
theso curves. 

Tho meaning of tho rest of tho diagram is 
olear from what has already hcem .mid. Tim 
regions representing tho different crystalline 
substances of definite composition «, /I, y, S, tf 
1 S’riois. R.S. A, 1004 cell. 1. 
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•y'° m ftHcecl with those letters, while the region 
m '''!*!eli ft. and y join in varying proportions 
solid solutions is market! jiy. 

S (9) TiiiucH-cdMi-fhSKMT on Tkknauv Svs- 
TUiw.4,—-The Phase Rule Equation, 

F~n-r -(-2, 

shows that, for three components (>i=‘\), to 
got; a non-variant system, we must put. >• = ■>, 
J* lat «» ensemble five phases in equilibrium! 
if. ns before, only one liquid and one vapour 
plmso he possible, wo shall want throe distinct 
maids to complete our live phases. 

When no mixed crystals are formed, the 
solids are invariable, and if also only one 
component ho volatile, the ihpdd is the only 
variable phase. To express the composition 
of unit mass, we shall need to know the value 
ot n ~ 1 or 2 eo-ordinalcs. Diagrammatic 
representation of the complete system, then. 


w 



Phi. 12, 


would need a four-dimensional model. By 
taking the pressure constant, as is logitimato 
when dealing only with solids and liquids, 
wo oun reduce our four dimensions to apossiblo 
throe, while by working , v t constant tempera¬ 
ture wo can represent the equilibrium of three 
oompononts on a piano diagram. 

In order to do this, wo will use u method 
introduced by Gildis. Points at the angles of 
an equilateral triangle are taken to ropresont 
the three components in a pure stale. A point 
in any side then represents a mixture of two 
components, and a point P within tho trianglo 
mixtures of threo components, tho amount of 
any one component being proportional to tho 
distanco of P from tho side opposite to tho 
aiiglo representing that one component in a 
direction, parallel to ono of tho other sides, 
Thus, to take as an oxamplo a system of 
water W and two salts S, ami S a , tho point P 
. 12) represents a solution of arS, and 
;ty8 a in unit mass, tho amount of water, 

1 - (.tS 1 -I- i/S a ), boing represented by PE or PG. 
Lot tho composition of a saturated solution 


of S, in water he represented by A (Fig. ];}). 
.Similarly, iot 0 ami I.) represent saturated 
solutions of S, in water containing two 
diHeront amounts of S,. At V the amount, of 
S 3 is enough to saturate Hie liquid with S 2 


w 



also, and hero tho solution is in equilibrium 
with both salts. For an isothermal system, 
F is an invariant point—tho equilibrium is 
completely defined for tho ono tomporaturo 
represented by tho piano diagram. In the 
same way, the move BFF represents liquids 
saturated with W* in solutions of Hj in water 


w 



FiO. 14. 


of increasing concentration, and once more 
wlion wo roaoh .1’ tho liquid is saturated with 
both sails. 

If tho two salts form a compound doublo salt, 
its .composition may bo represented by a point 
p in tho lino (Fig. 14). Its saturation curvo 
in solvonts of varying composition will bo somo 
snail lino ns CE, the liquid boing also saturated 
with Sj at 0, and with S 3 at ,E. These points, 
0 and E, ropresont non-variant systems. 
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Tins phenomena i>f isothermal evaporation 
can Iks traced liy following linns such ns UI'T), 
VLP, iu.ul XCU on the diagram. For instance, 
when wn pass along UI), wo start with an 
n i is a turn let I solution prepared l>y dissolving 
fclm com pound in water. At F it doposits 
crystals of pure >S„ and tho composition of 
tho residual liquid passes along llie. curve 
from F to Cl, where Llie liquid is also saturated 
with the compound. Hence, in such eases, 
tho compound is said to lie “ decomposed 
hy water,” though theory now shows us that 
»ueh reactions depend on the thermodynamic 
relations of equilibrium between solid and 
liquid phases. Hy whatever form of words 
wo dcsorilio tho phenomena, our theory 
enables us to foretell the conditions necessary 
for tho separation of one constituent suit from 
a solution of two salts or a double salt. 

Points between .T and I) represent complexes 


H t 0 



of both Sj and the compound, in equilibrium 
with tho invariant solution 0, and, if wo 
on tor the space 1HJK, as by evaporation of a 
liquid represented by V or X, tho deposited 
8, will rodissolvo, and wo shall got tho com¬ 
pound double salt ns llio only solid. This, in 
its turn, will become mixed with crystals of 
pnro .S s if wo pass into tho space I)ES a . 

A somewhat similar diagram is obtained if 
either of the* salts forms a solid hydrate with 
wator. Its form is clear from what has been 
already said. The isotherm at 2fi° 0. for water, 
sodium sulphate, and sodium ohloudo is given 
in Fig. Ifi. 

Tho effect of olianges in tomporaturo may 
ho represented by superposing tlioso isothermal 
diagrams ono on tho other. Wo thus get a 
Mnoo-iliinonsional triangular prism in which 
tho whole phonomoim may bo eot forth. 

§(10) Foini- component on Quatjuinahy 
8 v stems. —Whon another or fourth component 
is present and n ~ 4, oven if wo work at con¬ 


stant pressure and constant tomporaturo, it 
will need a three-dimensional model to repre¬ 
sent tho composition of the liquid phase. This 



Fill, Id. 

can best bo dono by using n regular tetra¬ 
hedron, oaoh of tho faces being an equilateral 
trianglo. Points on ono face of the tetra¬ 
hedron roprosont systems containing the com¬ 
ponents represented by the three eornors of 
that faco, just as in tho ease of tho ternary 
systems already considered, and points iii- 


NaCI 



side tho tetrahedron correspond to Hyatoms 
containing also the fourth component. • 

Tho tetrahedron may bo drawn as a per* 
spootivo sketch or projection on tho Imso of 
the tetrahedron, or it may ho imagined us 
standing on ono odgo, symmetrically about a 
vortical plane through that edge, and then bo 
projected on a horizontal plane. Wo thus got 
a square, in which wo can roprosont tho system 
on a plane diagram. Figs. 10 and 17 show 
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l.ho equilibria of water with sodium, copper, 
and barium chlorides by those two methods 
f<u- a constant temperature of 30", whore the 
.stable; solid phases are NaOl, BaCL. 2II a O, and 
C’iiOI;, . 2l |„0. The point g represents tho iso¬ 
thermal invariant solution which is saturated 
at 30 0 with tlioso throe solids, tho oomposition 
being 

NnOI BiiCl a CnCIl, H a O 

H) «m 14)7 MU 2 fil-42 per cent. 

When dmildo salts, anhydrous or hydrated, 
are formed, more com plicated diagrams of 
flcuirao result. 

Aimthor typo of quaternary system is given 
by mixtures of two salts with no ion in 
common, siteh as potassium nitrate and 
sodium chlorido. Hero n double ronotion 

KNO a -I NaCI—>NaN0 3 + KC1 

is poHsihle, and, indeed, in solution tho salts 
nro ionised. Thus, from a liquid containing 

-K, Na, NO.,) and <31 any of tho four possible 
salts may ho deposited. Nevertheless, since 
tlm equation given above demon bus the ro¬ 
notion, the concentration of one salt can ho 
expressed in terms of the other three, and, 
■with water, we still have only four independent 
components. .For instance, the amount of 
potassium nitrate is given by 

KN(> a =NaN()., -l- KOI - Na Cl. 

If the throo salts KN() ; „ NaNlf,, ami KOI are 
represented by the throe corners of tho tri¬ 
angular base of a tetrahedron, tho apex of 
which ooiTcsponds to water, solutions con¬ 
taining KNO ;1 will Iio represented by points 
having a negative valuo of NaOl, that is, points 
such as h lying beyond the side NnN() 3 , KCI 
of the triangle NaN0 3 , NaOl, KOI of Fit/. 18. 
Instoml of drawing this as an equilateral, it is 
bettor to make it a right-angled isosceles 
triangle; ns in the figure. The point repre¬ 
senting pure KNO a will thon, if all composi¬ 
tions nro oxprosHod in molecular proportions, 
bo at tli.o fourth corner of tho square, 

-I-ho completo diagram of Fiy. 18 represents 
tho isnthonns at four different temporatures. 
No hyrlraton or douhlo salts appear, and tho 
systom ih tho simplest possible of its typo. 

Lot iih niftlio a praolioal use of this diagram 
tn investigate tfio conditions in which wo can 
inako crystals of potassium nitrate from 
sodium nitrnto and potassium chlorido. Tho 
solution containing oquimolooular amounts of 
these two salts will ho represented by tho 
middle point of tho lino joining thorn, i.e. by 
tho point n, whore tho diagonals of tho square 
intersoot. It appears from tho diagram that 
at 100° this point a lies within tho surfaco 
between tho axes mooting at tho point markod 


NaCJI, and tho lines meeting each other at P, 
and P 2 . This surfaco represents solutions 
and solid NaOl, so that, if tho liquid bo 
evaporated at 100° from an unsaturated 
solution of sodium nitrnto and potassium 
chlorido in molecular proportions, it vyill first 
deposit, sodium chloride. As tlio amount of 
this sdlt gels less, we recede more and more 
from tho corner NnCl, that is, we pass along 
the diagonal through it. When we reach 
b tho liquid heroines saturated also with 
potassium chloride. Wo must now stop tho 
evaporation and filtor off the sodium chloride. 
The liquid filtrate contains the sails in the 
proportions corresponding to tho point b, ami, 
at temperatures below d()°, this point lies 
within tho surface between the axes mooting 
nt tho point marked KNO, mid the lines 
mooting each other at P, ami P 2 . This surface 
represents solutions mixed with potassium 



nitrnto. by oooling tho liquid, thorofom, wo 
doposit crystals of potassium nitrate. As tho 
liquid loses that salt, we pass away from tho 
corner KNO., along the diagonal, Let. ua sup- 
poso the temperature 1ms fallen to 0 U . When 
wo roauh the point c, the solution becomes 
saturated with sodium chlorido also, and the 
evaporation must ho stoppad, sinco wo want 
pure potassium nitrate. 

§(11) Mown Compmjx Systems. —Tho larger 
tho number of independent components, the 
greater tho dillioultics both of experiment and 
also of graphical representations of results. 
With five oompononlH, however, much in¬ 
formation is available. 

At constant tomporafcnm and pressure, we 
still havo four variables. But, if we leave out 
of our diagrams tho constitution of the liquid 
phaso ns regards wator, wo can represent use¬ 
fully the rotations of equilibrium for four salts 
dissolved therein. 

Instead of taking the salts them solves as 
components, wo may tako tho ions instead. 
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A five-coin ponoiil system can cither iiavo four 
ions of one sign anil 0110 of the ofclior, ns, for 
instance, when four chlorides are present-, or 
it may have three mot a Is shared between two 
ueid radicles. 

For the theory of these complex systems, 
and its application to such practical problems 
as the separation of one salt from its mixture 
with Hovornl others, the render is referred to 
OH I dams’ Principles of the Phase Theory (from 
which sorao of tho diagrams in this articlo are 
taken), to .Roozohoom’s Die heteroyen cm. Oleic.h- 
(je.wic.hte vom fitandjmnktc tier Phuscnlehre., and 
to the many papers on tho suhjoct which 
will he found in tho Zcitsc.hrift fiir physikalische. 
Ohemie. and other chomicai and physical 
jnumnla. 0 _ Wi 


I'ruil Link, Capacity or A. Soo “ Hydraulics,” 

§ (fiti). 

Pi I’M Links, Losses in. Sco “ Hydraulics,” 
§ (2f>). 

Pitot Turk. An instrument used for deter- 
mining tho velocity of a fluid at a given 
point. See “ Friction," §(11). 

Planuk’s Constant and Theory of Tem¬ 
perature Radiation.* Sdo “ Thermo¬ 
dynamics,” § (58); “Quantum Thoory,” 
8<I),Vol.IV. 

Peanok’s Formula for tho law of spectral 
radiation, 

].R=c,X- s (c C:/AT -1)- 1 , 

specifies tho distrilmthm of bliornml omission 
intoilBitloH in tho spectrum of tho radiation 
omitted by a uniformly healed enclosure. 
Hue “ Radiation, Determination of tho 
Constants,” etc., I. § (1), Yol. IV. 

Plane k’s Radi ation Formula : the formula 
whitsh gives fclio distribution of energy of 
radiation along tho spectrum. It has tho 
*<>» »» _ _ 87r/m_ 

l! ' A :: X«(c^ tA -1)* 

whom 'I' is tlic absolute temperature, \ tho 
wavo-longth of radiation considered, r. the 
velocity of light, the density of isotropic 
energy per unit wavo-Iongth, and k ami 
h universal constants. Soo “ Radiation 
'.I'henry,” § (fl), Vol. IV. 

Planetary Tiikoiiy, Awlioation of Dyna¬ 
mical Si mi da hit y to. tSco “ Dynamical 
Similarity, Tho Principles of,” § (!)). 

Planters oontainino Gypsum: General 
PikH’hrti i-:s. See “Elastic Constants, 
Determination of,” § (153). 

Platinum, .Inkuiknok of Purity of, on 
Bksihtanoe Thermometers. Soo “ Resist¬ 
ance Thermometers,” § (fl) (ii.). 

r ........... lim wmm HMIHSIVITY OF, (lotor- 

motor, Sco " Pyro- 


Pr.ATiNUM, Specific Heat of, used as a 
secondary standard of temperature in tho 

• range above 500° 0. Sec “Temperature, 
Realisation of Absolute Seale of,” § (41) (i.). 

Platinum-mktat, Thermocouples, used as 
secondary standard of temperature in 
range 100° to .600° and compared with gas- 
fchormo/nctors. See “ Tompcraturo, Realisa¬ 
tion of Absolute Seale of,” § (HO). 

Platinum Thermomkter, Oat.iiiration of 
Box Coils and Bridom Wirt: of. Sec 
“ Resistance Thermometers,” § (III). 

Platinum Thermometer Coir,, ,H latino 
Effect of Current passino Tiruoutiit. 
Sco “ Resistance Thormomotors,” § (!)). 

Platinum Thermometers, Construction of. 
Soo “ Resistance Thcnnometei’s," § (fi). 

Pneumatic Gauoks. Sco “Meters: Liquid 
Lovol Indicators," § (lb), Vol. HI. 

Poisson’s Ratio : 

Definition of: Tho ratio of the lateral 
contraction to fclio olongation produced 
by a simple tension. See “ Elasticity, 
Theory of,” § (4). 

Method of Uigoet 'Experimental Determina¬ 
tion. Soo “ Elastic Constants, Deter¬ 
mination of,” § (07). 

Tabulated Values of. Sco ibid. § (07), 
Table 25. 

Porous Puri Experiment, Joule and Thom- 
hou’s. Soo " Thermodynamics," § (12). 

Potential, Thermodynamic, See “ Thermo¬ 
dynamics," j} (51). 

Potentiometer : 

Jiausrath, White, Diossolhorst Typo of, 
designed for the measurement of thermal 
E.M.F.’s so that thormooloetrio olfccts 
at brush contacts are reduced to a 
minimum. See “ Thermocouples,” § (13). 
Portable Deflection Type of; a typo of 
instrument for tho measurement of 
thermal E.M.F.’s which occupies a 
position intermediate between tho mil 
potontiomolor and tho moving coil 
deflection instrument, Sen ibid. § (15). 
Simple Circuit, a practical form for fclio 
measurement of thermal E.M.F.’u, Sco 
ibid. § (10). 

Suitable for tho moaHiiromonb of thermal 
H.M.F.’s. Sco ibid. §(!)). 

For Thermoelectric Work, points needing 
care in tho installation of: (I) Elimina¬ 
tion of parasitic E.M.F.’s, (2) prevention 
of leakage into tho potentiometer oirmiifc 
from neighbouring lighting or furnace 
circuits. See ibid. § (20). 

Vendor Forms of, designed by Thomson 
and Varloy for resistance and cell coin- 
par ison work and modified for tho 
measurement of thermal E.M.F.’s. See 
ibid. § (11). 
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Pouilmjt Insthumknt for the comparison of 
gas-thermometers with secondary. standards 
toil)pcrat,lira ill the range r>()0° to 1(KM)°. 

o °Realisation of Absolute') 
benlD of,” § (;{()) (ii.). 

I’RK.S.SUKK, IKH.USJTOH OK, ON ThrK.MAI, 
.Kxkanision ok ,Sor,ri)s and Liquids. See 
.I'hornia! Expansion,” § (13). 

PRESSURE, MEASUREMENT OF 

§(1) In Tit on ucTiost.—Pressure is defined ns tlio 
foroo acting upon unit area, so tlmt the 
problem of its measurement is resolved into 
tUe determination of tho force acting uj.on 
a Jenown area, in comparing any force 
witJi tho gravitational force on known 
inass tlio value of t]io gravitational eonstanl, 
aireels tho result so that a pressure gauge 
which clotorminos tlio weight Huj)])orted upon 
unit aroa will vary as the gravitational 
constant vanes. On the other hand, if the 
pressuro guugo measures tho foroo hy tho 
olmitio deformation of some body, its calibra¬ 
tion will bo independent of tho value of 
tho gravitational constant. 

Pressure may also bo measured by (he 
oltoot produced upon somo physical ‘ ohar- 
noturiHtioH of a body, and this may be (tinned 
an indirect determination of pressure. Such 
gauges may or may not bo capable of use mi 
absoLuto standards. .For example, (lie od'oet 


depends upon the accuracy required, the 
rapidity with which observations are to bo 
made, and upon the variability of the pressure. 
'Iho following paragraphs will describe tho 
usual forms of gaugo used in tlio following 
order : 

(i.) Primary static pressure gauges, 

(ii.) Secondary static pressure gauges. 

(iii.) Gauges for measuring varying pressures. 
<iv.) Gauges for measuring very small differ¬ 
ences of pressure. 

All tho types of pressure gauges described, 
with one exception, measure the dilfercnco 
I)ctween two pressures, and in most cases 
one of these is the pressure of the atmosphere. 
When this is the case it is necessary to observe 
the barometric height at tlio time tho observa¬ 
tions aro made, and add tlio pressuro of the 
atmosphere to the observed pressure in order 
In obtain tlio absolute pressure. Tho oxcoption 
is the elesod mercury column or compressed 
gas manometer (§ (Ii)). This manometer roads 
ho ralm between tho absolute pressure 
applied and tho pressure at which tho mis 
reservoir was originally filled. 

I lie different types of pressuro gauge are 
mentioned, Imt the descriptions aro necessarily 
brief. References are, however, given which 
will supply fuller particulars when these aro 
required. Tho relation between the more 
mi portal) l pressure units is given in the 
following tnlill) : 


lAIII.H 

CoNvnnsioN Faitoiis yea Pimssinn: Noai.ks 



hllH./lll.*, 

In. of 
Mercury. 

A Linn- 
HflllUrCH, 

51m. of 
Mercury. 

Llw./Jn. 3 , 

In. of Slonutry 
■Atiiiosiilumw . 

Mm. of Mercury 

Kg./cm. 3 . 
l)yil()H/(!UI, a 

1 

•n»i2 x iii" 1 
PlWHIxlIl 
1-0337 >; 111-* 

I- I-J-J.ix m 

1-lftOtx I0-* 

2-08(10 

1 

2",H>2xlO 
ii-'i:i7xio- s 
S’riiHixie 
2'D7i3x U)' 1 

fl-sot xio-= 

«*3I2 XIO' 1 

1 

I'.HfiSx nr 3 
0'(I7S XIO' 1 
O'SllO XIO"' 

A*171 X10 
2\Vl0x 1(1 
7'iiOOx 1(1* 
l 

T-MfixlO* 
7'fiOlx Hi' 1 


Kk./ciii.*, 


7-031 X10-* 
JIMS!) x Id** 

i-oosn 

l-JiMHlxlO - 3 

i 

1'01(18 >:l(r« 


hyiins/oin. 3 , 


(J-Siil xl(i* 
MM Xio 1 
1-0132 XIO 4 
1-3332x1(1’ 
0-S00 Xll) 5 
1 


1 - .. '-■■v'.u.ivin ivsmianeo ol 

ft ooiuluotor may bo used ; but (he data 
necessary for the calculation of (lie effect aro 
in goiioml iumillieiont to enable such a gauge 
to bo calibrated except by comparison with 
another form of pressure gauge. A gaugo in 
winch tJm compression of a gas is utilised 
generally requires comparison with a standard 
gaugo, not because tlio proportion of gases 
have not been sufficiently examined, but 
because tho elastio properties of tho containing 
vessel aro not sufficiently accurately known. 
J.'ho usual typo of gauge utilising. tho ohm tie 
detormution of a body miffcra from tlio same 
disability, since the elastic properties of metals 
are to it curtain extent variable. 

Iho particular typo of gauge adopted 


§ (2) I’uimahy Manomewokh.— Those inane- 
motors are such that they can ho constructed 
and calibrated without roforeneo to any other 
form of pressure gaugo. TJio most common 
form is that in which a liquid column of 
known density is supported by tho pressure 
to bo measured. Tho calibration do pends 
upon tlio determination of tile density of the 
liquid and the provision of mi accurate scale 
of length. Tlio corrections that may ho 
necessary for tlio height of tho meniscus 
capillarity and change, of density with pressuro 
can ho applied from tho physical properties of 
tho liquid used, which properties are gonomlly 
known. J 

Iho second ohms of primary mnnomotor is 
tho loaded piston, in which the actual pressure 






624 


PRESSURE, MEASUREMENT OF 


upon a small piston is weighed. This gaugo 
depends only upon tho accurate menauromenfc 
of piston mid cylinder mid U|iiin tho neon racy 
of tlio weights used. Some gauges mentioned 
in this section ns primary gauges recjiiiro 
comparison with another standard in order 
to obtain the highest ncoumey. Aa an 
example the closed mercury column requires 
correction for 11 10 deformation of tlio vessel 
containing tlio gas, which deformation may 
cause errors in tlio volumo calibration ; and the 
loaded piston gaugo, in whioh the load is 
applied by a spring, requires at least a separate 
calibration of tlio compression of flic spring 
which cannot be accurately calculated from 
its dimensions. In both those eases it may 
be moro convenient to calibrate by comparison 
with an open column or dead weight piston 
gauge than to determine the unknown quanti¬ 
ties independently. They are treated, how¬ 
ever, in this section owing 
to their similarity to the 
other types of gaugo lioro 
described. 

§ (3) Oi'bn Liquid 
Columns. —If tlio differ¬ 
ence in height botweon the 
top of a column ol liquid 
upon to tho atmosphoro 
and the surfooo subjected 
to tlio pressure is observed, 
tlio pressure nbovo the 
atmospheric prossuro oan 
bo determined wlton tho 
density of tlio column at 
every point is known. 
Whatever tho liquid em¬ 
ployed tlio tomperaturo 
must lie observed, in 
order to determine the mean density, and 
a correction must bo made for tho nionisuus 
at tlio top of tlio column, and for tho 
temperature of tlio scale used. For small 
pressures the liquid employed is generally 
water, and the simplest form is that used 
for measuring the pressure in gas mains or 
the pressure in tho bellows of nil organ. Tho 
gauge can he constructed in a fow minutes, 
since it consists of a piece of glass tubing A 
(Fitj. 1) fixed to a board .11, with a soalo C 
capable of small adjustment vertically. Tho 
prossuro is represented by tho difference in 
height botweon the two columns of liquid, and 
if tile pressure is stationary the moniseus will 
bo similar in oaoli tube, so that no correction 
is required, provided that a similar part of 
tho liionisoiiB is obsorved in each caso. Tlio 
scale is usually marked in half-size units, so 
that when it is sot to road zero for zero 
pressure, tho pressure is determined by tlio 
reading of oithor column without roforonco to 
the other. It must bo noted that if tho zero 
is sot to tho top of tho meniscus, the top of 



the meniscus must bo observed in all other 
observations, and similarly for other settings 
of tlio zoro. 

In practice the unit of prossuro used ia tlio 
unit of height of tho column; for example, an 
organ-builder speaks of tho “ weight ” of tlio 
wind boing 4 inches of water, meaning that a 
gaugo of this type, filled 
with water, shows 4 inches 
difference in height be¬ 
tween tho two columns; 
uiul the Hoard of Trade 
regulations stuto that a 
gas company must supply 
gas to its customers at a 
pressure of at least -JJj 
inches of water. One inch 
of water corresponds to 
•01)6 lb. jair square inch 
approximately, the exact 
figure depending upon the 
tomponvturo of the water. 

This gauge must he in 
a truly vertical position 
when in use, otherwise tlio 
reading will ho incorrect. 

If the gauge is set to 
zero correctly ami after¬ 
wards becomes tilled ut an 
anglo a from the vortical, 
tho true pressure 1 might 
/i=II cos«-t -d Inn a, wliero 
II is the difference of read¬ 
ing on tlio scales and d 
the distance botweon tlio 
tubes. If tho scale lines 
are marked at right angles 
to tho tulles the zero can¬ 
not lie set unless the gaugo 
is vertical, for any tilt 
shows the error d tan «, 
by the difference of bond 
when tlio pressure is re¬ 
moved. 

For higher pressures 
tho only suitable liquid is 
moroury, and a column of 
moroury ia usually em¬ 
ployed by makers of gauges 
as their absolute standard Pm. 2. 

of prossuro up to .300 or 
dfiO lbs. por square inoli (20-30 atmospheres). 
An exceptionally high moroury column lias 
boon installed upon the EifTol Tower at 
Paris. 

A similar construction can lie employed to 
that described above, and for pressures lip 
to one atmosphere this is often adopted. 
For larger pressures it is usual to employ 0110 
column and a largo reservoir for tho moroury 
at tho bottom. Fir/. 2 shows a mercury 
column of ordinary construction for measur¬ 
ing pressures to 200 lbs, per squaro inch, or 
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14 ntmospl lores, A is the reservoir for the 
inoraury and B a small gauge glass for indicat¬ 
ing thu level in tlio reservoir. 0 is the column, 
U joints in the column, and 1? the scales, and 
1' the board upon which the parts are fixed, 
find which itself must bo firmly fixed to a 
vertical wall. Glass tubing suitable for tho 
purpose can bo purchased in 10-ft, lengths, 
but these have to bo carefully selected, since 
tho majority <>f tubes aro not sufficiently 
straight. A joint such ns R 
occurs at every 10 feet, and it m 
a great drawback to tho usunl 
construction that a certain piece 
of tho column cannot ho observed 
at each joint. This can bo over¬ 
come at considerable ox pen so by 
duplicating tho tube, providing a 
|_G second column from tho same 
reservoir with tho joints in posi¬ 
tions differing from thoso in tho 
first column. Another and bolter 
way is to construct tho tubo as 
shown in Fig. .‘1, whore tho main 
C -IIIIKI j-'d'o is of stool, amt at ouch 
joint a valvo V is provided, allow¬ 
ing tho moroury to flow Into a 
glass tubo G alongside, which is 
V u provided with a scale E. When 
V uno tubo is full, the valvo is 
olosod and tho readings for higher 
pressures obtained in the next 
tubo abovo. .Each tulxi ovoiiaps 
tlio ono above, so that the scale 
.q readings can bo ohoolcod. It is 
more ox]xmsivo than tlio usual 
form, and requires a double 
quantity of moroury, while 
provision must bo mado for 
catching tho overflow from 
•B all tho' gauge glasses if tlio 
pressure is accidentally 
raised to too great an ox- 
Iha.!{. lout; but tho convenience 
of being able to obtain con- 


KH 
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tinuoua readings and tho loss cost of replacing 
n broken gauge glass compensate for the oxlra 
cost of cionstrnotion. 

Tlio host fluid for applying tlio prosBuro 
to IJio column is uir, owing to its cleanliness, 
and also boonuso a very small corrootion for 
tlio hoight of tlio air column above tho liquid 
is required. Tho air should bo contained in 
a gas bottle provided with a valvo oapablo 
of vory flue adjustment, Ilowovor slightly 
tho valvo is opened, Uto pressure will gradually 
risu to tho pressure in the boltlo, so that when 
tho desired pressure is reached tho valvo must 
bo completely closed. When tlio column is 
used for calibrating other pressure gauges, it 
is advisable to provide a small leak valvo, 
oapablo of fine adjustment, and to keep tho 
pressure valvo slightly open. When tho 
vor.. r 


column reaches the desired height, tho leak 
vnlvo is carefully opened to a small extent, 
and tho pressure can thus bo kept perfectly 
constant while observations are mado. Tlio 
inertia of a column of mercury is very 
considerable, so that it is not possible to 
obtain aucumto readings whilo it is in 
motion. 

An attachment, which is seldom fitted, is a 
means of lowering tho mercury below the zero 
point when tho apparatus is to be left out 
of use for sonic, time. There is a definito 
chemical action of the moroury on tlio glass 
which causes tho glass to become clouded at 
the surface of the mercury after a time, and 
this rapidly prevents tlio position of the zero 
Iwing observed. It is always necessary to 
check tho zero lovel in the column and in tho 
reservoir, since this depends upon tho quantity 
of mercury present. Ono method of preserv¬ 
ing dearness at this ixwitiim is to leave tlio 
column with a small pressure, say } atmosphere 
m at all limes, so that tlio clouded positions 
are clear of tho zero points. 

It is an advantage to have all tho tubes of 
tho column of tlio same size, and a reservoir 
of uniform section ; for tho depression of tho 
zero is tlion pro|s»rUonal to Die height, and 
an observation of the level in the reservoir is 
unnecessary at every reading. The reservoir 
being muon larger than tho tube, the meniscus 
m the reservoir is dilTerent from that in tlio 
tube. The reservoir is always so largo that 
no correction is required for the height of Dio 
monisous •, hut tlio gauge glass showing the 
lovel in the reservoir is invariably so small 
that the corrootion fur tlio monisous is greater 
than for tho oohumi tubo. If, however, the 
column is always used for stationary pressure 
and the zero is set for definito positions oil tlio 
monisous in both tubes, no orror occurs if all 
readings are taken at tho sumo position of 
each monisous. If tho column is in motion, 
oven to a small oxtent, an error is introduced, 
for ono monisous is flattened and Dm other 
raised by tlio motion. Tlio amount of this 
orror can bo determined by taking observations 
with tho pressure rising slowly and then with 
tho pressure falling slowly. With tho ordinary 
sizo of tubo (10 mm.) and a movoiucnt of 
l cm. per minute, tho difference will bo found 
to ho about 2 mm. 

Tho hoight of Dio nionisouB is determined 
by tho size of tho tubo and by tlio condition 
of tho surface of tlio walls. It is advis¬ 
able to uso 08 largo a tubo as possible, 
but tho larger tire tubo tho greater Dio 
inertia of tho column, which in somo easos 
is a disadvantage. In any enso, whether 
Dm tubo is largo or small, timo taken in tho 
careful oloaning of tlio walls of Dio tubes is 
woll spent. 

In most enses a moroury column is erected 
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passing through several floors of ft building, 
and tho temperature varies greatly as different 
purls. Tins temperature can bo equalised to a 
certain extent by fuming the moroury to tho 
tap several times and allowing it to fall 
rapidly in order to mix tho mercury up in 
the reservoir. Tho temperature of tho mer¬ 
cury in the reservoir can then bo taken as 
representing tho mean tompemtnro of tho 
column. Tho scale is generally constructed 
of steel, and if tho scale is correct at 0 ° 0. 
tho divisions will ho larger ns tho tompemtnro 
increases and will compensate in a small 
degree tho change in density of tho mercury. 
Thus tho reading reduced to 0° 0. will bo 
H(g,// , J -«(d. -0,)), whore H is tho olworved 
height, p 2 tho density of moroury at teinpom- 
ture l) 2 °, and p t tho density at tho standard 
tompoiuturo 0°, and a tho ooolficiont of 
expansion of tho scalo. At ordinary room 
toinporatnroB the simple expression 

II,=II 3 {1-(-0001818-<x)(0 B -<?,)[ 

may ho used to give tho correetcd height IT, 
at the standard tomporaturo 0,. In order to 
obtain groat acouraoy tho whole column and 
soldo should bo enclosed in a water bath 
leapt at constant tomporaturo; but this is 
not convenient except in tho cuso of very 
short columns. 

Tho difficulties oxporioncod in tho uso of 
columns are : (1) tho correction for tompora¬ 
turo ; (2) tho monisous correction; (!)) tlio 
inortift of tho column wlton tho pressure 
changes ; and (1) tho oliniination of parallax 
ori'ora in reading off tho lovols. 

Tho (list of theso has boon donlt with, and 
tho meniscus oarreotion when necessary can 
lio made from the tables of capillarity de¬ 
pression. Tho error duo to a moving column 
cannot ho exactly allowed for; so that for 
great aooumoy a steady pressure must bo 
maintained. Tho parallax error makes it 
necessary that a lift ho provided to carry the 
observer to tho exact height required. Even 
then great care and experience is required to 
avoid small errors of this kind. 

Tho error duo to parallax can bo completely, 
avoided' by dividing tho scalo on a picco of 
silvered glass and placing it bohind tho column. 
The surf non of tho mercury and its reflection 
together with tho nearest scale division and 
its refleotion can then bo made coincident. 
The first impression of such a scalo is a con- 
fiisod mass of lines, hut a few minutes’ pmclico 
enables nn obsot-vor to plaen his eye in tho 
position to obtain the necessary coincidences 
of linns and reflections. Theso scales aro 
easily made with a dividing engine, either by 
ruling tho lines with a diamond or by coating 
tho glass with wax in which tho lines aro out 
with stool tool and thou otohing tho glass, 
Whon tho linos are out with a diamond it 


is unwise to cub up to tlio edges of tho 
glass or fracture may easily occur. Etched 
linos can bo carried to tlio edge since the 
etched lino is not so sharp «s the diamond 
scratch. 

When a mercury column is required to give 
certain definite pressure readings only it can 
ho made with a stool containing tube into t.ho 
walls of which insulating plugs oaeh carrying 
a platinum wire arc inserted. Those platinum 
wires then act as con tacts which by com¬ 
pleting nn electric circuit indicate when that 
particular height is reached. This arrange¬ 
ment is very convenient for marking off tlio 
dials of pressure gauges in mini bora, tho cur¬ 
rent operating a magnet which marks tho 
position of tho index hands on tho dials and 
at tho snino time operating a mechanical 
switch which cuts out the circuit and makes 
the oircuit of tho contact noxt abovo. In 
this onso tlio pressure is generally kept slowly 
increasing, tho error duo to tlio inertia of the 
moroury in tho column not being of importance 
in tho marking of gauges for general uso. 

In calculating tho total pressure duo to a 
column of liquid it is clour that tho total 
volumo of mercury is not defined by tho height 
to tlio top of tlio meniscus or tho height to 
tho bottom of tho meniscus. That iR to say, 
tho volumo of tlio monisous should ho allowed 
for. Tlio monisous hoighb depends upon tho 
condition of tlio surface of tlio glass and tho 
boro of tho tube. 

A further correction is needed for tho 
capillarity of tho tube which occurs with tlio 
liquid omployed, If tho liquid wets tlio glass, 
as in tho caso of water or oil, tho liquid stands 
too high and a negative correction is required 
for tlio capillarity. If, on the otlior hand, a 
liquid such us moroury is used, which does not 
wot tho glass, a positive correction for tlio 
capillarity is required, the liquid standing at 
too low a level. 

It is, in most cases, possible to avoid all 
corrections of this kind, for if tho ginigo glass 
is of uniform Hootion and cleanliness, tho 
correction will bo constant, ami if tho sumo 
portion of tho meniHoim is observed at all times 
tho correction is eliminated. 

In any moroury column tho joints between 
tho longtliH of glass tubes require careful 
making. Tho stuffing boxes for tho tubes 
aro generally pocked with indm-rubbor rings, 
which prove quito successful. AH motal 
fittings must, of course, ho of iron or stool, 
and if joints are required between suoh pieces, 
euro must bo taken that tho jointing material 
docs not break away on tho insido, all such 
pieces of dirt floating to tlio top of tho column 
and spoiling tlio surface of the moroury, 
Plano-faced motnl joints can bo used, but 
require considerable mechanical skill in manu¬ 
facture, A metal eono joint oan bo used 
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a. L °;»t, packing. If packed joints are used, 
? *' “ ) li,:OC (,f I >a P cr > soaked in 

tj V(3 **•’*■<>, « satisfactory. In the latter cnse, 

bcfY s ‘ zo »‘«8fc 1)0 allowed to sot hard 

>r ° t J 'o mercury is introduced. A spigoted 
joint with a paper 
ring can ho made 
perfectly satis¬ 
factory for any 
reasonable press¬ 
ure (sco Fig. 4), 
Valves must be 
designed so that 
no air-pockets can 
be formed in the 



Fig, -l. 


u , 1 'J' 111 of liquid. Mercury column tubcH should 
j n -, . loss than I cm. bore. Although tho 

in Ul ^ ^ost of tho mercury is increased by 
on.** 0 "" 111 * 1,10 lj<H ' 0 » y° fc 11,0 saving <i,io to tho 
t | ° C> P oloiuiing and tho greater conveniciieo 
J o to tj 10 smaller meniscus compousato for 
Ki'eiitor initial cost. 

hit ^ Mm,Tier,u Liquid Columns,—I n most 
' )or4ttf »» ios it is not convenient to oreet nil 
l>oii moreury manometer for moro than 
, >0ut atmospheres owing to tho height 

1 )Up;hor pressures threo methods 

° ruuiioing tho height of the column can ho 
"Hod I (I.) A series of moreury columns with 
oom proHscil gaH between them ; (2) aoompound 
moro u vy column with a series of U tithes lillod 
pitvlily with moreury and partly with a less 
doiiHo lictukl; (3) a otosod moreury column or 
«omprosaeil gas nmnometor. 

-''I &aric* of Mercury Columna .'—Tltis form 
uf gauge has boon constructed by Professor 
Kititi triorlingh-Onnos at Leidou 'University, 
tho miiximmn prossuro avnilablo lining 100 
iltmosplioroii, Tim pritioiplo of this gaugo is 

shown in Fig. 5, whore 
1, 2, and 3 aro mercury 
itmnomolors of tho 
usual typo and which 
need not ho of tho same 
height. Tho pressure 
is applied to tho loft- 
hand tulio of I and will 
force the moronry up 
in tlio right-hand tubo 
which will oompress 
tlio air between A and 
B. Tlio total prossuro 
at tho loft hand of I 
will l>o fcbo sum of tlio differoncos of hoight 
of tho moroury in tho series of U tubes. Tho 
coinprosHion of the air in tho intermediate 
pn.L't-3 of tho tube would, however, bo so great 
thrth «- «nmil part only of the total rango of 
ovory syphon except the first could bo utilised. 
'I'll Em cliff! oulty is obviated by admitting air 
at, JiigH -pressure tu tho intonnodiato spaces 

i Corn niTi«)1 cations from tho 1'hynloal Laboratory 
of tlio 'University of Leiden, No. >14, 1808. 



until the maximum difference in height be¬ 
tween the mercury columns in the various 
syphons is obtained. Tho pressure of tlio air 
in each column varies, but all tlio spaced can 
ho filled to tho required amount from a high- 
pressure gas bottle and a reducing valve. 
There is a correction to he applied for tlio 
woight of the air column in each tube, which 
correction can easily ho estimated sinco tlio 
pressure in each space is known. 

big. 0 shows the end manometer and three 
intermediate manometers of the K am liter- 
Hugh-Onnos gauge. Each intermediate mano¬ 
meter is used to rend a pressure difference 
of four atmospheres while subdivisions of 
this pressure are roiul upon the left-hand 
manometer. The wholo gango contains 24 
intermediate syphons like B, one end Ryphon 



A and also a small syphon for final adjust¬ 
ment rending ± 2 atmospheres. Tho wholo is 
mounted upon tho wall of tlio laboratory and 
tlio control valves placed nt a convenient 
height, Tlio largo portions of lubes 11 aro 
mildo of suitable thickness to withstand the 
maximum pressure rcuohcd in thorn ami the 
boro varies from ftj- to 0 mm. according to tho 
pressure. Tho observer is further protected 
from hurt if a tubo bursts by a screen of 
plate glass. Tlio capillary connecting tubes 
are small and strong enough to stand any 
reasonable prossuro. To obtain an obser¬ 
vation tho lovol of tho moreury in tho various 
bulbs of tiilios B is adjusted ns nearly as 
possible to four atmospheres for each tubo and 
tho subdivision measured on a scale by tlio 
tubo A. Whon filled with hydrogen, tlio 
correction for the head of tho gas column 
amounts to 9 mm. for a pressure of 30,000 mm. 
of moreury and to 21 mm. for a head of 
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70,001) nini, Tho correction is thus small and 
tho accuracy with which u largo pressure can 
lio read in very great, Caro is required in tho 
cleaning of tho tidies and drying of tho gas 
lined and tho adjustment to any desired 
pressure is a (odious process, but the accuracy 
of the readings is probably far greater than 
can lie usefully employed. 

§ (5) Compound Mkhuuhy Column. —In this 
gauge tho intermediate spaces liotwccu the 
mercury columns nro filled with a leas dense 
liquid which compresses hut slightly and tho 
adjustment of fclio volume of liquid in tho 
spaces is unnecessary. A compact form of 
this gauge is shown in Fig. 7, whore the (J 
tubes A nro made up of straight glass tubes 
and motftl joint boxes, arranged diagonally 



ho that tho upper column appears on the one 
side of tho apparatus and the lower column 
of each tube on tho other side'. Each tube iN 
10 feet long so that each syphon gives a pressure 
of approximately four atmospheres. A nutnbor 
of valves V are provided, thoso at tho top for 
filling tho upper part of tho columns with 
air-free oil or water and thoso at the bottom 
for adjusting all tho morcury columns to tho 
Hnmo height at zero pressure. Tho number 
of syphons in uso is varied by opening tho 
valve V at tho top of tho last column to bo 
used, If n columns are in uso tho total 
prcssuro 1.’—?ip whoro p is the pressure read 
by each sopamto syphon. A correction must 
lie applied for tho compressibility of tho oil 
or water usod and the need for tho correc¬ 
tion is shown by the variation in tho hoight 
dilferoncos in tho syphons. Two measuring 
microscopes M nro provided, ono on oaoh sido 
of tho apparatus, Tho adjustable frames 
carrying thoso tiro adjusted to tho hoight 


required and the dilferenco in tho columns 
read olf by means of an eyepiece micromotor. 

The value of the height readings of a com¬ 
pound mercury column in units of mercury 
can bo represented by H=7i(l -pjp,) where A 
is tho observed hoight, the density of 
mercury, and p a the density of the liquid. 
The ratio p 2 /p, will vary si difl'orent pressmen 
because tho compressibilities are not identical. 
The mean density for tho whole column will 
bo ono half tho maximum density and tho 
compressibility of morcury cannot be neglected 
at high pressures if great accuracy is required. 

An open mercury column of great hoight 
must l)o corrected for tho moan density of 
tho mercury. Thct compressibility uf morauiy 
is 3-7(1 dll" 1 per atmosphere, so that tho 
observed hoight should bo multiplied by tho 
following constant at the pressures slated : 


Pressure in 
Atmospheres. 

Multiplier. 

20 

1-000038 

f.O 

i-ooooim 

J00 

1 001)188 

1G0 

1-001)282 


The correction amounts to 3 parts in 
10,000 at ICO utincisphoros, a quantity which 
is negligible for most work. 

The compressibility of tho second liquid 
usod in a compound column is more than that 
of mercury ami tho truo hoight in mercury of 
standard density is 

H=i{l~f>(l. | .iA(0,-0 1 )} 

very nearly. Whore A is the pressure in 
atmospheres and 0 P C a the compressibility 
of mercury and tho liquid respectively. 

Tho following table gives the value of H/A 
for compound columns filled with (1) mercury 
and water, and (2) morcury and olive oil. 

Densities at If>°C-wator 0-9001; olivo 
oil 0-92; moroury 13-1)08. Compressibilities 
per atmosphere - water 49-5 x l()-°; olivo oil 
(13-3x10-°; moroury 3-70 x 10-°. 


Pressure. 

U 

lr 

JI 

J- 

0 

•02032 

■03220 

GO 

•02023 

•0321ft 

100 

•02014 

•0320ft 

1G0 

•02005 

•03100 


Jfrom the lablo abovo it will ho seen that 
for pressures up to 190 atmospheres tho 
multiplier is constant to 1 part in .1000, and 
that it iR only for much larger pressures or 
for a higher order of aoomaoy that tho com¬ 
pressibility is of groat importance. 

It must bo noticed that it is assumed in 
























































PRESSURE, MEASUREMENT OF 


(52!) 


t lio that all tho mercury surfaces are 

tro rod with tho second liquid. This need not 
y yv . fclio case in tho first and last tubes; for 
tilt) l* iat nla .V ho epon to the atmosphero and 
tlxo llrHfc ,5 ( ' tho l**cwnn> supply which may ho 
rr «- sovoml tubos nro in uso, how- 

ovo*"- 4 *' 10 om,1 ‘ produced (which can bo allowed 
foe* if necessary) is very small. 

'L’liti following table gives tho constant of 
n con 1 jiomul gauge of mercury and tho other 
mentioned. The values M/A uro for 
n. tin*»3l J heiio pressure, but tho compressibility 
is gi v'CU Ho that tho constant at othor press- 
u 1 : 0 » uuu he calculated as shown above, 

-l' v f « i‘i ; ° p Dknsities and Co.ui«itrasiuu,rm;s 
of Lieu i ns 


’ Td < | llill. 

Density (l. 1 )"). 

If 

('onipmssl- 
milty per 
Atmosphere. 


^VtoofitiL(Ktliyl) 

•702 

■onn 

77xl0~« 


! CJiiloi'oform . 

1 •» 25 (0° ('.) 

•887(1 

0fixl()-a 


Glyoeniic 

IT'D 

■0071 

20x10-° 


jMert'in .y . 

mrw 

1 

3-7(1 x ]()-" 


Olivo Oil. 

■02 

•0220 

(13'3 x JO-" 


Iiarallin . 

•HO 

•OHO 

(*2-7 x 1()“° 


Water + . 

• 1)01)1 

•02(13 

40-0x10-0 



ft \ 1 doiwlty of iiibmiry/ " v nuout ir> ' 0 1,11,1 
tit, t nos i >1 mrlu pressure. 

+ 'X’lio eumprCHsIbillty of water falls as tho pressure 
rlsvef*. Jit J011(1 atmospheres It Is about 07x|i)-« 
nml at 25(11) atmospheres about 20 x It)-*. Tlio 
flKiiroH Hlvon for nil substances will lai found Rultl- 
cloiiUy «orroct fur pressures to 200 atmospheres. 

§ (ft) Gnomon iUioifcuRv Cummin on Com- 
xm*:ioh« ia:i> Gas Manomktnk.—!I n this gaugo 
tlics trotijprosston of tho gas is tho moasuro of 
the pressure and tho moronry 
uoliiinn is used as an indication 
of tho volume of tho gas. In 
Fiij. H, A is a strong vessel of 
stool in which is fixed a glass 
vessel 15, tho upper ond of 
wldoh is a tubo protruding 
from A through a stuiling box, 
At tho lowor ond of B is a 
Hinull curved tubo filled with 
moronry and acting as a seal 
tu provent loss of tho gas on- 
olosctl in II. Tho uppor part 
of 15 is graduated and tho 
volume from tho top to onoh 
graduation and tho wholo 
volitmo must bo determined. 
Tho vossol A is 11 lied with 
sufiloiont mercury to rouoli 


B - 



T'lO. 8. 


Himill tube at tho bottom of Band 
t c> 1*11 fclto tubo B. Wlion prossuro is applied to 
tlxo a»xoi*cury in A, it enters tho tubo B and 
ooniproHsca the gas into tho uppor graduated 
?* ■ ’ ISTo rending oan ho taken until tho gas 
is sviilioionfcly compressed for tho moronry to 


appear in tho exposed part of the to lie. Tho 
volumes of tho lower part ami tubo must bo 
arranged so that for tho range of pressure 
desired tho mercury can bo seen in tho tube. 
It is sometimes necessary to add a bulb at 
the top of tho lube for this reason. 

If the gas obeys Boyle’s law and is com¬ 
pressed at constant temperature, the pressure 
m atmospheres is given by P~- VJV, where V, 
is tho volume of gas at a pressure) of ono 
atmosphere and V is tho observed volume*. 
Tho manometer is best Idled with hydrogen 
for which gas tho departure from Boyle’s hiw 
can bo represented by a simple expression, 
and L 1 —1/{( V/ V,) -•OOO(Ui) atmospheres. 

the correction for temperature is somewhat 
difficult fl utl should Jjo eliminated by iminors- 
ing tho apparatus in a bath at constant tem¬ 
perature. The hoighl of tho column of mercury 
varies with tho pressures and must be added 
Lo the pressure obtained above. 

ibis gaugo is not capable of very accurate 
observations over a largo range sineo tho 
sealo longth is limited, but tho gaugo is fairly 
compact, and if proper euro is taken in tho 
measurement of tho volumes, in Idling with 
puro and dry gnu, ami in lumping tho tom- 
poraturo constant, it is a reliable primary 
gaugo. 

§ (7) Loai»:i> Piston Pkhrhiihh Oauokh.— 
In those gauges u piston of known urea is 
loaded with a measured weight from whieli 
tho pressure) noting upon unit area of tho 
piston onn ho calculated. |<Y»r this purposo 
it is necessary to construct a cylinder and 
olosoly fitting piston, free from friction and 
leakage. Tho load is nomotiincs stationary 
and applied by a lover lo the top of tho piston, 
a pivot or ball being used to reduce tho 
motion whon tho piston is rotated, Tho 
rotation of tho piston in necessary in order 
to reduce tho friction. Tlio friction is further 
reduced if tho load is allowed to revolve with 
tlio piston, which eliminates tlio friotioiml 
loss behind the point of tho piston This 
friotion docs not direotly influonoo tlio pressure) 
monsuromonb but inoronsos tho powor required 
to maintain tho rotation of tho piston, In 
order to obtain aoenralo nicnsiiromonte, it is 
nclvisablo to have no rotating foreo beyond 
tho inertia of tho piston and load while 
making observations, Tho prossuro is pro¬ 
portional to tho load and inversely propor¬ 
tional to tlio area of tho piston, so that for 
high pressures tlio load must bo very largo 
or olso tlio area must bo very small. If the 
area of tho piston is small it may not bo strong 
enough to support tho loud, but on the other 
hand, if tho load is largo tho instrument 
bocomos unwieldy and slow in operation. 

This difficulty has led to the construction of 
differential pistons in which the pressure is 
applied between two pistons of slightly different 
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ami, and in cum ease at least the gauge Inis 
been constructed with the weight hanging on 
the piston, thus putting it in tension instead 
of compression. This arrangement gives two 
lonlaigo areas instead of one, which is a 
disadvantage. 

Several types of this gauge are shown in 
Fig. i). (a) shows the simplest form in wliieli 
tlio piston is in compression, and must be made 



stiff enough to withstand the load. A is tho 
cylinder, .11 tho piston, and G tho load, and it 
is oloar that tho piston and load can ho rotated 
without any dilliculty, (£>) is a similar gauge 
londod by moans of a lover 15. A ball hearing 
should ho interposed between tho pivot and 
tho piston so that the latter can bo freely 
rotated. This form generally requires that the 
piston ho mechanically rotated continuously, 
which slightly reduces tho sensitivity, (r) 
shows a similar gauge loaded with a spring 
G, and has some disadvantages in that tho 
spring must ho noourntoly calibrated and, unless 
its motion is greatly magnified, givos a very 
short scale. It also requires a much longer 
piston than the other patterns, and this long 
piston must ho of uniform area, (tl) shows a 
differential piston in which tho pressure is 
applied to the piston B, working in cylinder 
A, and transmitted to piston B a in cylinder 
A a , tho pressure on which may ho measured 
by n mercury column or other means. This 
gauge lias two leakage surfaces, and the two 
pistons must he perfectly in line. Some 
complication is needed to obtain tho desired 
rotation of the pistons, (c) shows a differential 
gauge in which tho piston is turned to two 
diameters, 1^ and B a , so that the olToctivo area 
is the dilforonco between the areas of tho two 
parts. This arrangement allows the piston to 
he put in tension instead of compression, and 
since the effective area may ho very small, 
the load may he very small for a largo pressure. 
It requires vory aceurato workmanship to keep 


tile two parts of the piston and of the cylinder 
truly axial, it lias two leakage surfaces, and 
requires extreme accuracy in the measure¬ 
ment of the piston diameters to keep the 
difference rcasonnhty accurate. (f) is nil 
inverted form of (e), which tins been used 
with some success for pressures up to ft tons 
per square inch, but since tho pistons cannot 
ho rotated, a small oscillation of less than 
120° being possible, tho gauge is not at all 
sensitive. 

Of all these types (a) is tho best, being tho 
easiest to construct anil suitable for the highest 
pressures if care is taken in manufacture. It 
is also an extremely sensitive gauge, and in 
ordinary work will measure pressures more 
quickly than a mercury manometer and with 
equal accuracy. It is not possible to malm 
this gauge vory sensitive for pressures below 
4 atmospheres, however, and for pressures up 
to this a mercury manometer is boiler. 

The type of gauge to ho described is that 
which has proved most accurate and sensitive, 
and is in use for measuring pressures from 
ftO lbs. to 2-1,000 lbs. per sq. in. It consists 
of a plain ground piston of hardened stool, 
fitting a lapped hole in a steel cylinder. TJio 
motion of the piston for the small si/.es is 
restricted to i in. in order to reduce the length, 
since the intensity of-stress is very high under 
high pressure. Tho pistons vary in size from 
0-2 sq. in. for inousuring pressures up to 
1200 lbs. sq. in. (80 utmos.) to 0-01 sq. in, 



for pressures up to 24,000 lbs. sq. in. (1000 
fttinos,). Tho largest one will measure press¬ 
ures as low us 20 lbs. sq. in. (2 atmds. with 
fair sensitivity). 

Fig. 10 shows tho details of instrument. A 
is tho piston provided with a button at tho 
lower end to prevent it from leaving tho 
aylindor, and a separate head fixed to tho 
piston by a grub screw. B is tho cylinder 
turned out of a piece of tool steel and mounted 
on column C of mild steel attached to tho 
test apparatus. Tho spherical head of tho 
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piston is slotted nn one side; and carries a 
brass or aluminium tubulin- frame i> with a 
Jwlgo at the lower end. The head of the 
fmino lias a small pin E entering tho slot in 
tlio spherical head of the piston, and thus 
ensuring that fra mo and piston rotate together. 
Tho loud consists of annular weights of cast 
iron passing over tho frame and resting on the 
Iedgo. Openings are made in the upper part 
of tho frame, so that the position of tho piston 
can bo observed. 

Thoinsfcniment is very simple in construction, 
and tho only difficulty in manufacture is the 
grinding of the piston and lapping out of tho 
cylinder. The part of tho piston working 
within tho cylinder must he parallel, and it is 
advisablo to have it of exact size, so that tho 
area may be a simple fraction of an inch. 
Tho weights are then carefully calibrated 
weights of standard values, and no correc¬ 
tion motors are needed. Tho smallest piston 
roforrod. to above is •11280 of an inch in' 
diamotor, and for all the working part of the 
piston this piston is circular and parallel, but 
it is nob easy to make tho piston to this 
accuracy, since the last figure is not measurable 
l>y any bub measuring machines of tho highest 
onaiu-iioy. Tho piston in question was one of 
two which wore made together and gradually 
roclucod to size by cautious lupping until tho 
figuro rocpiirod was obtained. Tho second ono, 
which was rojooted, varied but little from 
•1128(1 and would luivo been neoimito enough 
for any ordinary work, but not for a standard 
of pressure. Tho cylinder was lapped out until 
tho piston could just, slide in by pushing, but 
without driving. Tho nylindor cannot be 
measured directly, and would ho assumed to 
bo tho same size as the pistol), which fitted it 
thus tightly. Ail attempt was nuido to measure 
it by driving a very soft copper plug into it 
and then measuring tho plug. Tho plug was 
found to measure • 1128(1 of an inch, or the 
sumo mooHuromoiifcas tho piston. Tho loakngo 
from thono pistons is found to bo exceedingly 
small, and the friction is also very small. Jf 
tho piston is rotated with, say, 100 lbs. upon, 
it, it will oontinuo in motion for Homo ten 
niinutoH, during which time tho pressure 
remains constant. This lias been oxamined 
by moans of an ordinary presmiro gauge, 
with a miorosoopo adjusted to show any 
movement of tho hand. With a pressure of 
20,000 lbs. per sq. in, it was found that 
tiro hand of the gauge remained stationary 
whiLo tho piston was rotating, but sharply 
took a now and definite position on tho 
addition of 0*01 11). to tho load, equivalent 
to 1 lb. per sq. in. 

A gaugo of this kind must work with oil, 
an tiro lubricant for the piston, and if tho oil 
in at all acid, corrosion of piston and cylindor 
will tako place, thus altering their dimensions, 


m 


Tho best oil has been found to be the tasteless 
castor oil sold for medicinal purposes. The 
oil must lie freed from air, otherwise tho 
sensitivity of the gauge is reduced very con¬ 
siderably and it is very difficult to got the 
minute oil bubbles out of tho castor oil used, 
hi time, however, tho uir bubbles gradually 
leak out through tho piston, and although tho 
sensitivity may be small when tho gauge is 
freshly filled, if a high pressure is kept, on for 
a few hours and the piston kept rotating, the 
air bubbles will bn removed and the sensitivity 
increased. 

, l! ’ 01 ' « so on pressure gauge, testers which are 
filled with water a syphon arrangement must 
bo used in order to keep the water uway from 
tho piston. 

I he effective area of tho piston may bo 
altered by the strain of the piston and cylinder 
mulor very high pressure. The piston is 
subject to constant compression axially, mid 
to varying compression radially, while tho 
cylindor is enlarged by the internal pressure 
varying from tho full pressure at tho bottom 
to zero at tho top, and also to axial stresses 
varying according to tho manner of fixing. 
I.ho effective area of tho small piston referred 
to a bo vo is calculated to bo one part in 10,(100 
more at 20,000 Him. per sq. in. than at small 
pressures. 

(tangos of this typo have been constructed 
by Mr. Bridgman of still smaller diameter mid 
for measuring higher pressures. 1 The pinions 
of those gauges wore very smnil uiid worn not 
specially ground to fit, suitable pieces of bind 
steel wire boing selected. To reduce the 
leakage, the fluid imod was a mixture of 
molasses and oil. 

§ (8) Skoondaiiy M anomktrus. —- There 
gauges must bo calibrated by comparison with 
a primary gauge, sinco the properties upon 
wliioli they depend cannot bo determined 
with suffioiont accuracy to enable their true 
calibration to bo calculated. Most gauges of 
this type dopond upon tho elastic deformation 
of Homo motftl part, and it is often possible to 
copy tho dimensions adopted for a calibrated 
gaugo in ordor to reproduce similar gauges 
having fciio samo calibration. 

Tho typos of gaugo described later for 
determining the maximum pressure to which 
thoy hftvo been subjected are generally cali¬ 
brated by comparison with a primary gauge 
or a calibrated secondary gauge, although 
thoso depending upon the reduction in volume 
of a confined volume of air are copal do of 
construction ns primary standards. Tho 
difficulty of determining the volumes and tho 
deformation of bile onvolopcs makes it a move 
practical matter to obtain tho calibration by 
comparison with another typo of gauge. Tho 
methods of measurement mentioned in this 
‘ Am. Acad, 1‘roc., 1000-10, xllv, 8. 
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chapter are those eh icily used, hut there arc 
many other properties of materials which 
might be utilised for the purpose under special 
oi reu instances. 

§ ({)) Elastic Raijoks. —Tho majority of 
pressure gauges used belong to this typo and 
depend upon tho elastic properties of Borne 
metal part. In nil cases it is most important 
that tho elastic limit of the material is not 
appronohed, since this will lead to a continual 
nhango in tho zero of tho gauge. They nil 
show a cortain “ hysteresis” effect in that the 
calibration as tho pressure inorcascs does not 
agree with the calibration as tho pressure 
doorcases. This ofYoct is small if the maximum 
stress in tho material in small. A small stress 
nocossarily ontails a small strain and con¬ 
sequently tho actual motion produced lias to 
l)o magnified by mechanical or othor means 
in order to obtain a readable scale. Tho 
mechanism employed for tho magnification 
of tho motion introduces errors in the readings 
due to friction and general slackness of the 
parts. The errors arising from this cuuso are 
often greater than errors produced by impor- 
footions in tho elasticity of (lie deformed 
member. Ifor special purposes it is always 
possiblo to obtain a more accurate gauge by 
dispensing with tho mechanism and using an 
option! lovor system. Tho groat advantages of 
olaslie gauges, liowovor, are tlioir oompaotnoss, 
portability, and gonoml handiness, all of 
which are lost wlion tho optical systom is 
introduced, 

§ (10) SoirAFKBH DrAI’IUIAOM CiAUOE.—TllO 
simplost form of this manometer is the 
Sohuffor diaplirngm 
gauge (Fig. 11). 
Tho dia]>liragm A in 
Hiihjeeled to press- 
uro on its lowor side 
and Mm motion of 
tiie diaphragm coin* 
munieatnd to tho 
red 15 which carries 
a mole at its upper 
end gearing witli the 
pinion (1. This 
pinion is fixed to 
wheel I) which goars 
with the small wheel 
E attaehed to wheel 
F which in turn 
gears with tho small 
wheel to which tho indox hand is attached. 
This somewhat complicated gear is necessary 
owing to tho small motion of tho diaphragm 
permissible, and tho great advantage of tho 
Bourdon tube gauge to ho described later is 
the more simple inenhnniBin required. This 
gauge, howovor, is still occasionally used on 
tmotion engines and machinery subject to 
vibration, sineo tho natural porioil of vibration 


of the diaphragm is much less than that of a 
Bourdon tube suitable for Mm same pressure, 
for laboratory work Mtis typo of gauge 1ms 
somo advantages in that it can bo constructed 
in any ordinary workshop, and by the anb- 
stitution of nil optical lover for the gearing 
and indox an open sonic of pressure onn bo 
obtained. 

§ (11) Bourdon Turk Gauoe. —The most 
common form is tho Bourdon tube gnugo, 
which is used universally for men soring largo 
or snin 11 pressures. In tins gauge tho pressure 
is applied to the inside of a tube of bronze or 
stool, generally ova! 
in section and bent 
into tho are of a 
circle, Tho effect of 
tho internal pressure 
is to inoreaso tho 
radius of curvature 
of tho tube, and one 
ond being fixed to 
the case, the motion 
of tho other end is 
utilised to operate) 
an indox hand by 
means of a rack and 
pinion. Tho limit of If’ifl. 12 . 

elastic deformation 

must not ho approached, otherwise tho tube 
will tako a gradual permanent sot and Ilia 
gango rondings will increase. The gnugo ia 
shown in Fig. 12, where 15 is the tubo fixed 
bo tho ease at A, Tho freo end of Urn tubo 
is connected to a quadrant rack .1) by a link C, 
Tho rank J) gears with a pinion E, on tho 
shaft of which tho indox hand is fixed. A 
small restraint is added in the form of a hair¬ 
spring F. 

_ B tho tubo is made very stiff, Uio magnifica¬ 
tion must bo large, and unavoidable slackness 
in tho pin joints will product) imoorlninLy in 
the rending, In order to rcduco tlm magnifica¬ 
tion makers generally allow tho tube to deform 
more limn is ndvisnhle, and most gauges nro 
much m«re constant if worked to about 715 
.per cent of tlioir designed load. A gauge of 
the cheapest typo, calibrated to 7fi per cent 
of its .ntended maximum, has been found to 
give oxaet repetitions of its rending for several 
years, Tho scale division of this gauge, how* 
ever, was smaller than that of asfninlnulgniigo 
for the same pressure. 

Tlie Bourdon tube gnugo is tho most con¬ 
venient pressure indicator for a largo scope 
of work, booiuiBo the gauge quickly records 
any change of pressure, which can ho read 
off diroolly on the dial, These gauges can 
bo purchased for any range of pressure, such 
as vacuum up to zero, vacuum and pressure 
from 0 to 10 lbs,, and any range of pressure 
from zoro to f» lbs, per Rq. in., or zero up to 
12 tons por sq. in. Tho usual sizes ntndo have 
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(> mill 10 dials, but smaller and larger dinlfi 
(inn also be obtained. The mechanism is not 
always increased in size for the lnrg(«r gauges, 
the dials being enlarged and the index hand 
increased in length and breadth simply to 
enable them to bo rend from a considerable 
distance. 

(i.) The dials of gauges of this kind must be 
carefully chosen. The index hand should 
move us close ns possible to the dial, bnt must 
nob touch it at any point of its motion. Con¬ 
siderable parallax errors can bo obtained if 
the index band is a small distance from the 
dial, and practice is required before an observer 
instinctively places his eye in the true position 
to avoid this. Tho index hand itself in made 
of considerable width for ordinary gauges for 
engineering purposes because it is more import¬ 
ant that it should bo easily seen than that 
tho pressure should be observed with great 
aueurnoy, For laboratory work it is convenient 
to reduce tho width of tho pointer almost to a 
point and, generally speaking, tho dial is better 
marked in dots than in lines, A very general 
fault is for the index hand to overlap tho 
divisions, which vendors accurate reading im¬ 
possible. When greater accuracy is required, 
tho pointer should lie flattened to a knife edge, 
turned edgewise and a mirror lot into tho dial 
behind tho flattened part of the hand. This ! 
enables very ueeurato observations to bo made, 
and oliminatos the error due to parallax, This 
typo of dial can be obtained to special 
order. 

Examples of the dials referred to are shown 
in Fig. 13, wlioro (a) is tho usual form of pointer, 



which is shown overlapping the divisions—a 
vory common fault; (b) shows tho fine point 
with tho soalo marked in dots, tho best 
method of marking; and (c) allows the ro¬ 
llout or scale type, which is recommended for 
special work. 
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(ii.) Overhauling a Gauge ..—If a new gauge is 
obtained, it may he found that its motion is 
irregular, the pointer setting at different places 
ouch time it is tapped, An examination of the 
nicchnni8in may show tlmt small particles of 
metal dust have been left in tho case and have 
fallen between the pinion and tho rack, and a 
thorough cleaning with a camel's-hair brush 
loaded with petrol may put the gauge right.. 
If the fault still remains it may he that the 
rack anil pinion do not mesli sufficiently 
olosely in gear, a point which can sometimes 
bo rectified. Or it may be found that tho 
pillion shaft is not circular, which must be 
luit right before the gauge will ho satisfactory. 
It should be noted that the mechanism is 
somewhat delicate, and the index hand 
should only be removed by menus of a 
ojiccial liltlo drawing tool, ns shown in 
Fig. 14. Tliti jaws A press on tho buck 
of tho boss of tho hand, and tho screw 
point 11 presses against tho spindle. A turn 
of tho screw will then remove 
the hand without bending tho 
pivot. To roplaeo tho hand it 
must bo pushed straight on in 
tho correct position and then 
tiglitoned by a lap with u 
vory light iustriiinent-innker's 
liarmnor; it is not possible to 
put tho hand on loosely and 
then twist it into place without risk of dnningo 
to the ntoolifinism. 

If an old gauge is suddenly found to bohnvo 
orintioally, it will generally bo found that tho 
tube is punctured, although the holo may bo 
so Binall as not to bo found easily. In such a 
oaso tho gftugo must bo returned to the makers 
for a now tube to lie fitted. 

(Eii.) Correct ion for Temperature.—It a pressure 
gauge is required to fndiento small differences 
of pressure, it can bo calibrated at different 
tomperatures nnd the readings corrected 
accordingly. It is necessary to choosn n 
gaugo of good quality which repeats its read¬ 
ings nearly exactly whether the pressure is 
rising or falling, and to have the knife-edge 
indox with mirror shown iii Fig. 13 (c). Tho 
oiirvo of corrections at any constant tempera* 
turo cannot bo represented as a mathematical 
function of tho pressure, since such corrections 
aro largely duo to small errors in marking tho 
soalo of tho dial. It lias boon found, however, 
that tho alteration to tho correction at any 
particular pressure duo to change of Icinpem- 
turo is a simple function of tho temperature 
and pressure. As nil example a 10", 2fi()-lb. 
gaugo was calibrated nl 05° F, os a standard 
tomporatnro and its curvo of corrections ob¬ 
tained. It was then calibrated at several 
tomporalures between f30° and 100° I*., and the 
olinngo in correction Ac at temperature 0° I<\ 
was found to bo Ac= - -00018 1‘ {0 - fifi). 
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where L‘ if? tho pressure in lbs. per aq. in. Tho 
following table shows tho uobtial corrections at 
tli ran temperatures: 


T.UII.n OK ('OUHKCTIO.VH 


Temp. 

Pressure-llw. per «|. ia. 

50. 

1(H). 

150. 

200. 

250. 

50 

-<>•38 

•loot 

-1-0-25 


+0-1(1 

(15 

-0-5! 

--0-23 

-0-15 

-O'20 

-O'52 

DO 

—0-7!) 

-((■(IS 

-0-82 

-113 

-Hit 


Iii practice it is ofton fouiul that a preasum 
gaugo in fixed a fow inches from Mio hot boiler, 
anil altlimigh a water syphon is always titled 
to prevent tho floating of tho Ilmirdon tuho by 
Htoam, tho temperature of tho whole gauge will 
oftim exceed 110“ R Thoro will then ho l lb, 
por Hf(. in. dilforcmoo in tho correction of snob 
a gauge at 251) lbs, por arj. in. if tho gauge had 
licoii calibrated at tho ordinary temperature 
of n lahnratory, Tho error thus ran sod is ap¬ 
preciable in ollloinnoy tests, although its effect 
is not very largo. 

'lionrdon tuho gauges are always liable to 
oh Align of zero, especially if they are subject 
to slight vibration sueh ns oeours while they 
aro oarriod about. When the zero can bo 
obsorvod any eliango in this will apply to all 
tho corrections nt othor parts of the sonic. 
If. as is generally the case, a ]x>g is provided 
to arrest the index hand just above the zero 
point, tho calibration will bo doubtful after 
tho gauge lias boon despatched by train or 
carrier. It is better to have the zero free 
by removing tho peg and to place a piece 
of oorlc between the ond of the tuho and 
tho ease :is a temporary stop during trans¬ 
port. 

8 (12) Sririuin .MKdi-mts.smiK Manomutkh. 
—•Tho scale length of a Bourdon tnlio gunge is 
limited, lining about PI inches on a (kiiinli dial 
«ml 22 inches on a 10-iiieh dial. The value of 
Oiuj-iueli motion of the index hccomcs very 
groat when the maximum pressure registered 
by Olio gauge iiloronscs. It is ofton desirable 
to read high pressures with much greater 
ncoumey, or, in other words, to provide a 
much nioro open scale. This can bo dono by 
substituting u vessel in tho shapo of a tube or 
a upbore fi»L* tho liourdon tulx>, and moasuring 
tho oubioftl expansion or compression of tho 
vcsboI. The mouBuromont of the expansion 
can bo host made by observing the displace¬ 
ment of a liquid either from the inside or the 
outside of llio tube. Fit). 15 shows a mano¬ 
meter of ibis typo constructed by Mr. Jus. 
Spurge. It consists of an outer cylinder A 
filled with water and a smaller cylinder B 

. ”with tho nutflldo of tho 

'-’io 0 oonnooted to 


the pressure supply. Tho cylinder A is filled 
with water, and on the pressure in chamber B 
increasing, some of the water in A is forced 
into tho measuring vessel I). The vessel I) 
is provided with a fiducial murk .10, at which 
level tho water is kept by operating a dis¬ 
placement piston .1)’ by means of a micrometer 
screw G. Tho amount of water flowing fmm 
A is thus measured by tho rotation given to 
tho micrometer head G. Tho wider in A 
being at all limes open to tho atmosphere in 
not compressed, and as 
apparatus remains at one 
temperature (ho ratio of 
tho displaced volume to 
the total volume remains 
constant, except for the 
small error produced by 
tempom-turo expansion of 
tho metal cylinder. An 
additional plunger JL is 
provided for adjusting tho 
zoro so that the micro¬ 
motor head roads zoro at 
zero pressure. Tho vessel 
B is subjected to axial 
and longitudinal com¬ 
pression so that tho 
volume of water displaced 
is not exactly a linear 
function of the pressure. 

Tho calibration of gauges 
nmdo from one quality of steel is, however, 
very constant. The gauge is very sensitive 
And can be made to read a pressure of !)(){) 
atmospheres to one part in 2000. Tho soimi- 
(ivily depends upon tho ratio of tho area of 
the displacement piston to tho volume of 
liquid in A and upon the use of a small tuho 
for tho lidueial mark E. 

8 (III) I'Ilkotuioai, Rksistanom Mano- 
mkthhs. —Those manometers depend upon the 
change in the electrics I resistance of n metal 
when subjected to pressure. The meiiils used 
fur this purpose arc mercury, platinum, and 
inaiiganiii. Tho first must he cam tallied in n 
capillary bubo <jf non-conducting material, miuh 
as glass, and the solid metals aro used in (ho 
form of wires. In tho ease of mercury tho 
elasticity of the glass-uontnining tube a (Tools 
the resistance of tho mercury, the compression 
of the Imre altering the length of tho thread of 
mercury. Snob a gauge must, for this reason, 
bo calibrated by comparison with a primary 
manometer. Munganin wire is not very 
constant, its variation in resistance depending 
upon its previous history. 1 This must also 
ho calibrated against a standard gauge. It is 
possible that a puro platinum wire 'may bo 
so llicionlly constant in its resistance variation 
to enable such a gaugo to bo used us a primary 
standard for very high pressures. 

1 ^twicr. Acad. Proc„ 1011, xlvll. 


long as the whole 
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M. A. Liifiiy gives Uio resistance variation 
ns follows : 1 

Mercury: 

t ~ <) = -32-7 x 10-Vl-l-l x 10-V, 

whore p is in kg./cm. 2 . 

Platinum: 

- 1-86 x 10-°n. 

r 0 

Mangunin: 

—! ft = -l- 2-23 x 
r 0 

whom p is in atmospheres, r 0 is tho resistance 
at alnioaplmric pressure, and r tho resistanoo 
at any ntlior pressure. Tho positive sign for 
maiigauin is a peculiarity of this material. 

Mr. Bridgman Ihids that a gauge of this 
kind repents itself extremely well for increas¬ 
ing and (looreusing pressures, as is shown by 
tho following table: 0 

T.uir.t: 


Pressure In 
lvgm./Cin.". 

Hlltlcr Displacement (Cm.). 

Increasing. 

Decreasing. 

f) 17 

4-fill 

4-80 

2018 

KM 7 

10-10 

3710 

17-75 

17-74 

ri:w« 

25-70 

25-115 

(i-i r>2 

27-15 

27-43 


All that is necessary for tho constnioLion 
of this gauge is a vessel sulliclently strong to 
hold the pressure, tilled with n non-conducting 
fluid and provided with insulated pressure 
tight terminals for taking tho leads to tho 
resistanoo - measuring apparatus, Provision 
must also bo made for hooping tho apparatus 
at constant tompomturo. Tho rosistanco wire 
or glass tube containing tlio mercury is 
attached to the insido ends of the insulated 
terminals and suspended in tho fluid to whioli 
the presfiure is applied. Tho ohango of ro- 
sistanco in riot very great, so that a sensitive 
rosistanco bridge is roipiirod for monsuring 
tho ohango with accuracy. 

§ (l-l) Caws n ion (I a woks. —Wlion a single 
high - prossuro tnonHiiromont is roquired, a 
oruslier gauge of tho kind devised for tho dolor- 
mination of the prossuro obtained in tho hreoeh 
chambor of a gun can bo uRod. Tho measure¬ 
ment dopendH upon the permanent compression 
of a small cylinder of copper. A number of 
these copper cylinders must ho made from 
one sample of material, and a few of thorn 
chosen tib random tiomprossud at known loads 
in a tenting machine. A ourvo can thon ho 
drawn showing the compression of tho cylinder 
for any loud. 

1 Complex /•endue, HI00, cxlix. 50(1, 

® Amer. Acad. Proa., 1000—10, xllv. 8. 


Fill. Hi shows tho form of tho guugo. A is 
a steel cylinder in which slides a piston .11, 
tho upper end of which is subjected to tho 
pressure to he measured. Lcakngo is pre¬ 
vented by a cup-shaped disc of soft copper G. 
The cyliudor A screws into tho body I) in 
which the cylinder of copper 
E is placed, Tho cylinder E 
is kept in a central position 
by means of a light spring, 
not shown, which does not 
prevent tho radial deforma¬ 
tion of the cylinder. After the 
test tho cylinder is removed, 
its compression measured, 
and the pressure read oil' 
from the chart. Tho actual 
load on the copper depends 
upon the diameter of tho piston, and ns tho 
wholo apparatus is self-contained, no ox- 
Icrnal connections nro needed, and it can 
therefore ho used for tho highest pressures 
attainable, 

§ {15) Sounding Appaiutus.— Two forms 
of recording pressure gaugcB nro in common 
uso for determining tho depth of water under a 
ship. One of thoso is a compressed-air gaugo 
and consists of a metal vchsoI with a small 
opening for tho admission of wider provided 
with a non-rotum valve. This opening must 
ho kept at tho bottom of tho apparatus as it 
sinks in the water. Tho vessel is initially fall 
of air, hut as the pressure of the water increases 
sonio passes tho non-return valve, compressing 
tho air inside until equilibrium is reached. 
YVhon tho vossol is hauled hack to the ship 
the non-return valve prevents tile escape of 
tho water, and tho vitlumo of tho water found 
in the gaugo is a measure of tho maximum., 
pressure reached, This water is measured in 
a calibrated vessel, or by moans of a divided 
soldo dropped in tho vessel, and tho depth of 
water road off. Tho fcmo depth varies with 
(ho amount of salt in tho water and a correc¬ 
tion must bo niado wlion the apparatus is 
used in river months or land-looked waters. 
After emptying, tho Bounding apparatus is 
ready for use again. Tho depth recorded is 
indopondont of the dirootion of the heaving 
line, hut tho inlet must remain in a downward 
position olhonviso air will escape as the water 
enters and a falso rending will ho obtained. 

Tho second form of Bounding apparatus of 
this kind consists of n narrow glass tube closed 
at ono ond and coated on tho inside with a 
ohomieal which will ho coloured by the action 
of soa water. This is dropped in a suitnblo 
sinker with tho open ond of tho tube downwards 
when tho water on tors tho tuho, compressing 
tho air contained therein a certain distance 
depending upon tho pressure, Choniical notion 
thon takes pluco, and wlion tho tuho is hauled 
back a moasuro of tho coloured portion of 


C 
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tho boro on a H|)ceial soalo will give tho 
maximum pressure reached. These tubes are 
ns a rule used only once, since the cleaning off 
of tlio coating and refilling is a dillicnlb matter. 
Tho tubes are, howovor, very cheap to make 
nmt a largo stock of them can ho carried in a 
small space. The original length of tho tubo 
must lie nuulo exact, otherwise tho seulo will 


bo inoorroet. 

§ (18) Soundiso Tuhk iiy M. BlindKT. 1 — 
In this apparatus tho compression of water 
instead of air is utilised. It consists of a 
largo reservoir idled with water and closed 
by a capillary tubo silvered on tho inside 
surface, which contains a thread of morcury 
and is open to tho outsido. As tho gauge 
descends tho water is com pressed and tho 
thread of mercury moves along tho capillary, 
dissolving tho silver lining and thus giving a 
porinunont record of tho maximum dopth 
obtained. Tho sensitivity can bo increased by 
enlarging the reservoir and providing a smaller 
capillary. Tho temperature of tho reservoir 
must bo known and can bo determined by a 
recording thormomolor nilixod to tho apparatus. 

§ (17).Mhasuuiimrnt op Cycles op yajiy- 
INH Pkessuiib. —For observations of a con- 
timial oliango of pressure tho olastio gauge in 
some form is generally used. For slow chungos 
a continuous photograph of a moroury column 
cun bo takon upon a olookwork drum covored 
with sonsitivo papor, but such an arrangoment 
can only bo used to record vory slow cliangos. 
For mioh work it is hotter to uso an oi'lii lurv 
gaugo, in which tho index hand is V' ninccd i n , a 
i|uirhing'])oii.ti a ' IM . (lis / M . 

This apparatus 
jiin .. r _--'-oa!lily obtained from pressure-gauge 
■' ...uicors. 


When tho changes of pressure are more 
rapid, such as those occurring in tho oylindor 
of a steam or gas engine, a dilforent mothod 
is necessary, 

§ (18) St il am - BNdirn; Indioatous. — Tho 
ordinary stoani-cngino indicator oonsists of a 
small cylinder, containing a freely moving 
piston, tho motion of which is restrained by a 
calibrated spring.- A rod is attached to tho 
piston, and tho end of this, either directly 
or through a magnifying motion, records tho 
pressure upon a paper drum. Tho drum can 
ho driven by clockwork but is gonorally given 
a reciprocating motion from tho orosshoad of 
tho engine, so that tho pressure is recorded 
with roforoneo to tho position of tho piston, 
and tho area obtained is a measure of tho 
work dono. 


Tho choice of tho size of tho piston and tho 
amount of motion allowed to tho spring 
dopnnds upon tho speed of tho ongino. Tho 
} """t,in. of tho piston iR more with a largo 
"id with tho larger motion, but tho 
' clvlll. 1-105, 


accuracy with which tho record can ho 
measured is proportional to its height. 

(i.) Richards Indicator. — For slow speed 
steam engines this indicator (Fig. H) j 8 



perfectly satisfactory. It consists of a cylinder 
A in which tho piston B, restrained by a spring 
C, moves. Tho motion is transmitted through 
a simple Watt parallol motion to the point 0, 
which rooords on tho drum E. Tho marking, 
point may bo of gunonotnl, when Bpccinl 
motallio jwtjwr must bn used upon tho drum. 
Or a hard lead pencil marking upon ordinary 
papor can bo used. 


(ii.) Crosby Indicator. — As the speeds of 
onginos increased, error, duo to inertia of tho 

w?msm 



Era. is. 


parts, inoronsed, and other indicators, of 
whioh tho Crosby is a typo, wore introduced. 
In these tho motion of tho piston is reduced 
and greater magnification is provided by 
speoinily designed link motion. Tho Crosby 
indicator is shown in Fig. 18, in which tliD 
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parts aro mmilnr to those of the Richards 
indicator, oxcopb in the link motion, which 
Rives a magnification of fi to 1 instead of 2 to 1. 

When high steam pressures and super¬ 
heated Htcam came into use, the position of 
the spring under the oylimler rendered it 
liable to change, owing to the temperature 
which it attained. This became of greater 
importance still when tho use of the explosion 
engine became general. Sovoral indicators 
have been devised in which tho spring is 
placed outside the hot cylinder. 

(iii.) Dablric-Mcllines Indicator .—This ex¬ 
ample of mi external spring indicator is 
nhown in Fig. U). The spring is outside tho 
cover of tho cylinder, which prevents it from 
being overheated, and the spring diameter is 
not limited by tile dianiotor of the piston. 
It. is possible to nso very stiff springs and 



vary high pressures can ho recorded. Thoso 
iudieatoiH are satisfactory for H|«:eds up to 
about 400 or BOO cycles per minute. For 
higher speeds n smaller piston, only one 
quarter of n square inch in area, is usod, 
and tho lioighb of Die diagram is reduced to 
I V inch. li’or small explosion cuginos tho 
piston is reduced in area still moro and tlio 
height of (liugram limited to 1 inch. Thoso 
mnall indicators can ho used with fair success 
upon petrol engines running at 1000 or 1200 
oyolcs per minute j • but for this speed tho 
optical indicator is a bollor instrument, al¬ 
though moro oumbrniiH. 

Tho faults of reoords obtained from indi¬ 
cators of this typo at high speeds aro duo to 
two (itiUHou : the first is tho inacouraey of tho 
lioighb or pressure ordinate of the diagram, 
duo to tho inertia of tho piston and link motifm 
of tho indicator; and tho second is the 
inneomuto positions of tho prossuro ordinates 
duo to tho inortia of tho drum and driving 
mechanism, and tho stroloh of tho cord duo 


to these inertia forces. In steam-engine 
diagrams, where tho variation of pressure is 
not groat during a working stroke, tho error 
produced is not very serious, hut in the coho 
of an explosion engine, in which tho record 
is asymmetrical, the high-pressuro peak being 
at one ond of tho diagram, tho errors produced 
aro very largo. Those records arc generally 
usod to calculate tho mean offeelivo pressure 
on tho piston, j.c. tiro moan difference between 
tho pressures on tho forward and the return 
strokes. To obtain this, tho area of the 
diagram is divided by tho actual length of 
tho bnso lino of tho recorded curve, and not 
tho length which is given at slow speeds, 
when inortia forces mul stretch of cord are 
nearly absent. Thus tho errors are, to a 
curtain extent, eliminated. If, however, tho 
record is usod for determining the exact 
position of valve settings and such observa¬ 
tions, tho errors produced may ho very great. 

Tho motion to tho drum may bo derived 
direutly from tho orosshcad of tho engine by 
moans of a simplo lever system or a differential 
drum, or it may ho derived from a small copy 
of tho orank anil slider mechanism, driven 
from the engine shaft by a chain, or other 
moans free from slip. In any oase it is 
necessary that the eireumferential motion 
given to tho indicator drum shall ho an exact 
copy of the motion of the piston, and in 
phase with this motion. 

Tho piston of tho indicator must ho lubri¬ 
cated with oil, and thin oil is noon removed 
when wet steam or iiot gases are presold, 
for tills reason it is host to remove the piston 
and link motion when tho indicator is not 
in nso, and replace thorn cleaned and oiled 
when a record is desired. This also prevents 
tho spring from becoming overheated, and thus 
prosorvoB its aoouraey. After into it is most 
important that tho whole indicator ho thor¬ 
oughly cleaned and oiled and put away in its 
propor box. Tho vory faulty diagrams ho 
often obtninod on ongino tests uro largely duo 
to noglcot of these precautions. 

§ (Iff) Optical Indh.'atohs.—F or high-speed 
ongino tests, and for recording explosion press¬ 
ures, optical indicators are tho only instru¬ 
ments which oan ho used with success, 1 In 
thoso indioatora tho motion of tho piston is 
reduoed to a minimum, or a diaphragm iH 
used and tho magnifying gour is replaced by 
a beam of light, friction and inortia being 
eliminated in this part of tho laochaninm. 
Tho instruments consist of a spring-loaded 
piston or a diaphragm (which requires no 
additional spring) subjected to tho pressure, 
and tho motion of which is transmitted to a 
vory light pivoted mirror. A ray of light 
is projected upon this mirror and its reflec¬ 
tion thus strikes out a straight lino, the length 
1 fteo “Cathode Hay Manometer," 
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»f which is proportional to the pressure. In 
order to obtain a diagram, motion must he 
given to this reflected ray in ti direction nfc 
right angles, such motion being a copy of the 
motion of the engino piston. This may bo 
demo by rotating the frame containing tiro 
pressure mirror, or by deflecting the light my 
by means of uu independent mirror. The 
second motion of the light ray may bo avoided 
by moving Lire ground-glass screen or photo- 



l-’io. 20. 

graphic film upon whioh the light spot ia 
received. This, however, introduces inertia 
forces which can oasily ho avoided by the 
ftbovo methods. For records of explosions in 
closed cylinders the diagram is required upon 
a time base, and the second reflection iB then 
unnecessary, a revolving drum, holding the 
sensitive pnpor, alone being required. Those 
records usually cover a voi'y short interval 
of lime and clockwork is unsuitable. The 
drum is then drivon by an elootrio motor at 
approximately constant spaod and an inde¬ 
pendent time record made by a ray of light 


reflected from a mirror attached to a. tuning- 
fork. Another method is to arrungo a tuning- 
fork so that the light from the diaphragm 
mirror is occulted at each vibration of the 
fork, and a dotted lino thus obtained on the 
recorded diagram. In Fig, 20 («■), (b), ( c ), 
and (d) are shown four different types of 
these optical indicators, (a), due to Professor' 
Hopkinson, shows a piston instrument in 
which the piston P is restrained by a, straight 
bar spring S. The 
mirror is pivoted be¬ 
tween spring supports 
L and tlio second 
motion obtained by 
oscillating the whole 
frame F by moans of 
a convenient system of 
levers attached to tho 
engino orosshoad. (ft) 
allows the instrument 
used by Professor Wat- 
son, in which a corru¬ 
gated diaphragm I) in 
used and kept cool by 
a water-jacket J. The 
mirror M is supported 
on three pivots, two of 
whioh are fixed and the 
third rocoives motion 
from tho diaphragm. 
Tho mirror K givoB tho 
socond deflection to tho 
light ray, being oscil¬ 
lated by a oronk and 
oonnocting-rod moohan- 
ism C in which tho 
ratio of tho connecting, 
rod length to tho omnk 
radius is made similar 
to that of tho ongino 
upon whioh it is used. 
Tho omnk is rotated by 
moans of a chain from 
the engine shaft, and an 
adjustment ia provided 
for scouring correct 
phnso position relatively 
to tho engine piston, 
(c) is the Oftvpoiltior- 
Hospitulior indicator, made by Messrs, Van 
Radon & Co. of Coventry. In bhia indicator 
tho flab diaphragm I) is oonnooted to tho presa- 
uvo source by a Binall tuho of snmo length, 
in order to kcop tho diaphragm cool. The 
mirror M is supported upon three pivots, one 
of which is fixed, one receives motion from 
tho diaphragm, and tho third receives motion 
from a omnk mechanism which copies tho 
motion of tho engino. Tho two motions are 
thus comm unioa ted to tho single mirror. 
Tho copying motion is drivon from tlio engino 
by a floxiblo shaft to wheel J, the plmao position 
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§ (22) Diavjikao.m Gahob ok Schbel and 
HiiU.su, 1 —Tiiis gauge in somewhat similar to 
the last, hut lias a light copper diaphragm, ami 
the deflection is measured hy the Fizeau inter¬ 
ference method instead of by the optical 
lover. The gauge is thus more compact and 
not so sensitive to external vibration. Differ¬ 
ences of pressure of the ordor of 0-1 nun. of 
mercury cun he measured to (hOOOOl nun. and a 
change of pressuro of 04)01 mm. corresponds to 
four interference bands of yellow holiuin light. 

§ (213) Collodion Diai’iiraum Gaikie. 2 — M. 
Lafay has constructed a very sensitive dia¬ 
phragm of silvered collodion in which tin; 
Fizonu interference method is utilised to 
indicate when the diaphragm is in its normal 
position. The deformed diaphragm is brought 
buck to its initial position by means of an 
oloctroslatio charge, tlio quantity of which is 
measured and the pressuro determined thoro- 
from. This has the advantage that the actual 
pressure measurement is siinplor than the 
counting of tlio intorfereneo bands, tlio light 
Hystcm being used simply to indicato tlio 
null position. 

§ (2*1) Liquid Columns. —Tlio simplest 
mothod of magnifying the difforonco in height 
is to make ono of tlio tubes at a small angle 
to tlio horizontal instead of vortical. If tho 
position of tlio meniscus is measured along tho 
tube tlio height h=l sin a whore a is thounglo 
to tho horizontal and l the motion along tlio 
tube. If a is mndo 5°, tlio magnification is 12 
times, A disadvantage of this mothod is that 
tho smallor tho slope tlio grcalor difficulty is 
oxporionced in determining tho position of 
tlio liquid in tho tubo, and in any caso a 
small tube must ho used. 

§ (25) Ro hurts Compensated Mano¬ 
meter. 3 — This gango, shown in Fig. 22, 
consists of two tubes A and B connected 
hy a capillary (3, tho wholo boitig filled 
witli liquid oxcopt for a bubble of air D 
left in tho horizontal tubo 0. A very 
small change in hoad in either'A or 13 
thus causes a largo motion of the lmhhlo 
in C, and tho tulios A and 
" “ 13 being oloso togotlior 

tlioy cun he maintained at 





Fig, 22. 


tho same tomporftturo. If A and 13 uro 10 nun. 
in diamotor and 0 is £ mm, boro, the magnifi¬ 
cation is 400 to 1, a reading of 0'001 mm. 
being easily made. 

1 Dcutsch. Vhys. Gesell. Vcrh., 1000, xi. 1. 

1 Complex rend us, 1000, cxlix, 1115. 

3 Proc, Iiopal Society, 1000, A, Ixxvlll. 


§ (26) Micrometer Water-gauge. —This 
gauge, shown ill Fig. 2,'3, is constructed of two 
water-vessels A and B connected by a small 
tube O. Tho level of water is measured by 
micromotor heads D, tho reading lining taken 
when tho point attached to tho micromotor 
screw just touches tho surface of tho water. 
As tho point is brought down very slowly to 
tho wator surface, the latter will suddenly 
appear to jump up to meet tlio point and will 




Fid. 23, 

adhoro to tho point. If tills contact is nlwaya 
obsorved it is possible to road to 4)26 mm, tin 
each bend corresponding to 4)5 mm. difforonco 
in head. This corresponds to 04)04 mm. of 
inorcury. Tho water surface and tlio point n 
must bo kopt clean, and the points must l>o 
withdrawn from tho tmrfnco boforo each read¬ 
ing. Tho apparatus must ho firmly fixcd, since 
vibrations on tlio surface of tho liquid will 
prevent acourato observations of tho position 
of contnot. 

§ (27) Cjiattock Gauoe.— Vitj. 24 shows this 
gaugo, which is simplo to construct and only 



FlU. 21. 


requires reasonable caro in operation to give 
vory roliablo observations of small differences 
of pressure. Tho gnugo is constructed in 
glass, A and B being two wator-vcssels attached 
to tho pressuro sources. These vessels com- 
muniouto with a central vessel 0, ono to tho 
body of tho vessel and tho other to an internal 
tubo D. Tho central vessel 0 is filled with 
any modemtoly transparent, liquid lighter 
than, and non - mixablo with, water. The 
wholo gauge is mounted upon an upper framo 
F, which in turibis supported at ono oml from 
a stand G and carried at tho other'ond by 




PRESSURE, MEASUREMENT OP 


641 


un adjustable screwed support with a micro¬ 
motor head 11 . Tho excess of pressure in 
vessel B will force n bubble of water up tho 
tube 1) into tho oil surrounding its end A 
liimj) is fixed at tho back of tho gauge to illu¬ 
minate this bubble, and a microscope with an 
objcclivo of about 2(5 mm. focus is employed 
to obaorvo tho bubble, Tho light is then 
adjusted until a bright lino either golden or 
red in colour is observed in the microscope, 
and this lino is brought into coincidence with 
tho fkluojul lino in tho eyepiece of the miovo- 
scopo by tilling tho gauge by the micromotor 
head If. When tho gauge is properly idled 
with clean liquids this bright line will bo found 
to bo quite definite in position for any posi¬ 
tion of the gauge. Tho lino is adjusted for 
equal proas urea in tho two tubes, and when 
pressure is applied is brought buck to position 
by tilting the gauge. The micromotor readings 
are thus proportional to tiro pressure differ¬ 
ences in the water vessels. A common size 
is to niolio l tho distance between the micro¬ 
meter and support 25 cm., L tho distanco 
between tho tubes --= !)G om. With 1 nun. 
pitoh of screw and 100 divisions on tho micro¬ 
motor hoad one unit =--ggx 01 =--= -Old. mm. of 
water, tuid readings can be made io ono-tenth 
of a division, corresponding to about '0001 mm. 
of moroury. Tho ground joints at the top of 
tho water vobhoIh aro required so that tho 
gauge can bo properly cleaned, and those and 
all valves must ho kept well greased to prevent 
leakage. If a sudden rise of pressure takes 
plane tho bubble of water may become de¬ 
tach od and fall to tiro bottom of vessel 0, 
thus ultoring the adjustment of tiro gunge. A 
tap 1<] jb provided bo that tho gaugo can bo 
shut off if this scorns likely to occur. It is 
well to provide two branch taps in tho 
pressure pipes, wlueh can bo oponod to tho 
atmosphere in ordor to ohook tho '/.oro with¬ 
out disoonnootiug tiro gauge from tho test 
apparatus. 

Tho HOimitivity of the gauge doponds upon 
tho definition of tho bright lino seen in the 
miorosoopo, and tins do]tends chiefly upon 
tho liquid used. Othorwiso tho sensitivity 
could bo increased by bringing the vessels A 
and B together, thus making tho ratio l/L 
largo. Tho sharpness of definition of tho 
bright lino doponds chiefly upon tho two 
liquids omployed. Tho best result is obtained 
by tho uso of salt water and pure oastor oil, 
The salt is used in order to prevent a fungus- 
liko growth which occurs at tho aurftico of 
pure wator in contact with tho oil. Tho 
readings of tho gauge must ho corroded for 
tho density of tho water used, tho suit being 
added until tho donsity is about 1-07. With 
this solution tho gauge will remain in working 
ordor for many months, *\l'ho uso of tho 
microscope is somowhat tiring during pro¬ 


longed series of observations, and it can ho 
replaced by a projection lens which throws 
nn imago of the bubble on a ground - glass 
screen. If tho surrounding light is dim tho 
position of tho bright line can bo adjusted 
accurately and with less strain to tho eye. 

Tho range of pressure mensurable by IJieso 
gauges may bo increased by increasing tho 
distanco between tho water vessels A and B. 
Tho new piece of glass work can ho attached 
to tho standard frame, avoiding tho east of 
tho more ox|ienaivo part of the apparatus. 
If a still greater range of pressure is to ho 
measured, the glass part can be filled with 
mercury instead of water. It is evident that 
the larger tho range of pressure available the 
smaller tho sensitivity of the gauge. It is, 
however, a great convenience to bo ablo to 
altor tho range without great expense, and 
this vendors the gaugo particularly suitable 
for genoral laboratory work. 

§ (28) Conclusion. —Tho manoniotors in 
common uso aro of three kinds-—the liquid 
column, tho loaded piston, and tho clastic 
gauge. Gauges of onoh of those kinds have 
been briolly described. Tho range of pressure 
measured by the different types may lie given 
horo: 

liquid Columns: 

Open column , . 0 In 50 nl mosphoros. 

Multiple and e(nu¬ 
ll mint) columns . 0 (e 200 „ 

I'lnmnl column . . up to MfiDO „ 

.bonded 1‘inton. . , :t to 0000 „ 

ICliiHlic Gauges: 

Bourdon tube . . 0 to 1800 „ 

Diaphragm gauges 
nml optical indi¬ 
cators , . , 0 to 100 „ 

8puigo mnnomolor . 0 to fiOO „ 

Tho sensitivity of tho different mioromnno- 
molors is as follows : 

Metal diaphragm . .lx I0 _a mm. of mercury. 
Very thin niotnl dia¬ 
phragm . , . . IxlO -8 „ „ 

Collodion diaphragm . 1 x 10 _1 „ „ 

Inclined liquid column . 1 x 10“ a }> „ 

Hohcrts’ mioriminnomcler I x 10— 1 „ „ 

Micrometer water gunge . lxlO -3 „ „ 

Chatlook gauge . . lxlO" 1 „ „ 

When an absolute pressure of very small 
amount is to bo measured other and quite 
novol motliods of measurement can ho adopted. 
These generally depend upon tho molecular 
motions of gases and are only available when 
by rarefaction tho molecular path is compara¬ 
tively largo. Examples of those aro tlio re¬ 
pulsion of two plates suspended in a rarefied 
gas, tho measurement of tho electric oniTont 
flowing to a collector, or tho radiation from 
a hot wire. Manometers of this kind will 
measure pressures of tho ordor I0 -a mm. of 
moroury, but tho motliods aro not available 

• 2 t 
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“ Pyrometry, Total Radiation,” s / [ 41 
(Hi.), Table I V. 


when fcho absolute pressure is much greater 
Hum 10 -3 mm. of mercury. Such gauges will 
bo found described in another portion of this 
Dictionary. c. J. 


P1{ESS IIItK-OOEKK1(!IENT OK ICXI'ANBION OK A 

Gas, Experimental Determination ok, 
with constant volume. See “Thermal 
Expansion,” § (id). 

Pr e ss urt b-ooeffiof ents ok Various Thkiimo- 
bietiug Gases, tabulated. Hoc “ Tem¬ 
perature, Realisation of Absoluto .Scale of,” 
§ ( IS), Table 2. 

Pressuhe Corrections, to be applied to 
tho readings of n thermometer to allow 
for tho effect of changes of pressure either 
insido the thorninniotcr or extorior to 
it. Soo “ Thermometry,” § (3) ( b) and (c). 
PRESSURE ■ DIFFERENCE BETWEEN THE TWO 
SlTKFAOES OF A SOAP FlLM, 

p= 2 T (r + s;)» 

T being the tension, and R and R l tho 
priuoipal radii of curvature of tho film. 
Pressure Distribution for Streamline 
Flow. Soo “ Ship Resistance and Propul¬ 
sion,” § (20). 

P it ENSURE ENGINES (liyj)RAULIU). Seo 

“ Hydraulics," § (G4). 

Pressure of a Gas, due to Molkoulaii 
Impacts on the Containing Walls. See 
“ Thermodynamics,” § ((HI). 

Pressure of Radiation : the pressure which, 
by tho BGOOiul law of thermodynamics, 
radiation must exert. From tho electro¬ 
magnetic theory, Maxwell showed that this 
pressure, for isotropic radiation, is numeric* 
ally equal to one-third of tho total energy 
of radiation of all frequencies in unit 
volume. See “ Radiation Theory,” § (5) (i.). 
Pressure Turbines (Hydraulic). See 
“ ilydmulios,” § (52). 

Pressures, maximum and mean in internal 
combustion engines. See “ Engines, Thermo¬ 
dynamics of Internal Combustion,” §§ (48)- 
(fi-l). 

Phony Brake. Seo “ Dynamometers,” § (2) 
(i.). 

Propeller Dynamometer for testing Air- 
soitBWa. Seo “ Dynamomotora,” §§ (7), (0). 
Propellers, Air and Water. Seo “Ship 
Resistance and Propulsion,” § (-J0) el seq. 
Properties of a Fluid as exhibited by 
Charts. Seo " Thermodynamics," § (-12). 
Propulsion of Ships. Seo “ Ship Resistance 
and Propulsion," V. 

Pulleys. Seo “ Mechanical Powers,” § (2), 
Pur. 30 AiKT.EU Pump. See “ Hydraulics,” § (41). 
""“"S. See “ Hydraulics,” Part IT. 
meter : 

■imioot upon Roading of, wlion tho Focussing 
Distance is increased, tabulated. Soo I 


Extension of Seale of, abovo 1400° 0, See 
“Pyrmnctry, Optical,” § (8). 

Fury’s Mirror. Seo “ Pyrometry, Total 
Radiation,” § (7). 

Fcry “ Spiral.” Seo ibid. § (8). 

Fury’s Telescope. Seo ibid, ij ((I). 

Foster Fixed-focus. See ibid. § (10), 

Optical, Calibration of, by comparison with 
a standard instrument. Seo “Pyrometrv 
Optical,” Ij (!)). 

Optical; Disappearing Filament Typo : a 
fcyj>° <>f pyrometer depending on tho 
matching of tho brightness of a lamp 
filament against that of the hot object. 
See ibid. § (8). 

Polarising Typo of. Seo ibid. § ( 0 ). 
Radiation, Calibration of. See “ Pyrometry, 
Total Radiation,” 5} (Hi). 

Radiation, Sources of Error in Practical 
Forms of. See ibid, § (14). 

Recording : used in manufacturing processes 
whore it is necessary to keep a continuous 
roeonl of tho tompomturo of tho furnace. 
Seo “Thermocouples,” § ( 10 ). 

Recording Deduction : instruments for tlm 
measurement and continuous record of 
tompomturo, tho instruments Doing of 
tlio millivoltmotor typo and tho record 
being made by periodically depressing a 
pointer into contact with a chart. Seo 
ibid. § (17). 

Recording Resistance, used in industrial 
work to give a continuous record of the 
tompomturo of a furnaco or kiln. Sco 
“ RcsisUnoo Thormmnoters,” § (20). 
SpootroHonpic Eyepiece of: a‘ rod filter 
glass for producing approximately mono- 
chromatic radiation. Soo “ Pyrometry. 

^ Optical,” § (14). 

Thormoolootrio: fclio most generally used 
of all appliances for tho measurement of 
high tompomtures, and now dovolopcd 
into an instrument of precision. See 
“ Thermocouples,” § (1). 

Thormoolootrio : Cold Junction Correction 
for. Seo ibid. § (111). 

Timing Radiation. Seo “ Pyrometry, Total 
Radiation,” § (II). 

Total Radiation, compared with tho Optical 
Typo. Seo ibid. § (15). 

Total Radiation : instruments based on the 
fourth-power law, for the measurement 
of high tomporaturcs, and really specially 
designed thermopiles. Soo ibid. § (0). 

Uso of a Radiation, with a Source of In¬ 
sufficient Size. Seo ibid. § (18). 

Uso of Rotating Sector to reduco tho 
intensity by a definite amount. Seo 
“Pyrometry, Optical,” § (15). 

Whipple Closed Tube. See “ Pyrometry, 
Total Radiation,” § (12). 
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'I’m: measurement of high temperatures by 
moans of optical pyromotors is Imsccl on the 
well-known fuel, that tiio intensity of the light 
omitted by a hot object increases ns its tem¬ 
perature j.s raised. 

The mathematical relationship between the 
intensity of the light of any parLionhir wave¬ 
length and the temperature can he deduced 
from thcorotionl considerations for a surface 
which is n “ full radiator,” 1 and the /act that 
the radiation issuing from a uniformly heated 
furnace approximates closely to “ full radia¬ 
tion ” has greatly simplified optical pymmetry. 

§ (1) Tn nou y op I Ik at Radiation. —Holt/.- 
maim a iu 188-1 deduced the relationship hot wood 
the total radiation from a black body and its 
tnmporaturo, according to which the total 
radiation varies as T*. This is generally 
known us the Rtefan-Bolfc/.mann or tho fourth- 
power law. 

In 180(1 Wien further developed tho theory 
of radiation. His first deduction is known as 
Wien’s displacement law: 

<>r 

where A„, is tlio wavo-length of maximum 
energy, l<] m is tho maximum energy ordinate, 
and T tho absolute temperature. 

For the distribution of the energy among 
tho various wave-lengths in the spectrum Wieu 
doduood the expression 

]0 A “i5X-®/{,\T), 

in which /(,\T) could not ho determined by 
purely thormodynamioal masoning. .li! A is tho 
energy omitted ol wavo-length X. 

Ey making certain arbitrary nssumplions 
concerning tho radiation emitted by vibrating 
gaseous molecules, he succeeded in resolving 
the function of XT, and obtained tho rela¬ 
tionship (t 

E a ---0i\* s c A’i 

for tho distribution of energy among the various 
wave-lengths in the spectrum. 

Experimental work, which will ho referred 
to later, showed that tho above expression 
only represented tho facts for u limited range 
of X and T. Sinco that time various attempts, 
busod on plausible) assumptions, havo boon 

1 tn radiation pymmetry ftonernUy the term " fail 
radiator " or " black body ” denotes one that will 
absorli all (.lie radiation that It receives—that Is to 
say, It will neither reflect nor trannmit any of the 
Incident radiation. There Is no known substanco 
that lias strictly Mils property, tho nearest approach 
being probably untreated carbon, Klrchholf demon¬ 
strated that a hollow cavity with walls at » uniform 
temperature possesses the properties of a " black 
body." If a small opening is inado In the wall of 
tho uniformly heated cavity, the radiation Issuing 
from the hole will obey the laws of black body 
radiation, 

a 8co “RadiationTheory," § 5, Vol. IV, 
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made to discover tho correct expression, hut 
without success. 

Tlio one formula wliinli does represent the 
experimental data closely under all conditions 
is that of Planck: 


The subject bus amused consiilorablo interest 
during recon t years, and reference) must ho 
made to tho literature of tlio subject for fuller 
information. 3 

It will lie observed that for small values of 
X and T tho term *' 5 h large compared 
with unity ml Planck’s equation approxi¬ 
mates to Mint of Wjon j tho concordance is 
sufficiently close for wave-lengths ill tho visible 
spectrum to permit of t ho usoof the simple form 
of Wien’s equation for tho range of temperature 
covered in practical optical pyrnmotry. 

§ (2) lOxi’KHTMKNTAt. STUDY OP TUB J>18- 
TIUUUTION OP ENHIIOV IN TUB Sl'KCTUUM OP 
a “ Fur.r, Radiator ” at vahious Tkmpkha- 
tuiikh.—I n 189!) I.nmmernnd Pringsheim, who 
had already proved by experiment tlio validity 
of the Stefan-Ihiltoimann or fourth-power law, 
published a further contribution to tlio sub¬ 
ject. Their experiments on this occasion were 
directed to tho determination of tho distribution 
of energy in the spectrum of a “ full radiator.” 
At first thoy employed tlio various types of 
uniformly limited enclosures, which they had 
construcled for their experiments to test the 
.Stofan-Btiitv,matin law. Later they introduced 
many practical improvements in the apparatus, 
and, by basing their method of measuring 
tompoiutui'o on the fourth-power law, they 
wore able to continue their experiments to 
very high temperatures. This procedure also 
led to a groat simplification In tlio form of 
their “ full radiator,” which could then ho 
reduced to an electrically honied carbon tube. 



(i.) Description of the Experimental Arrange- 
mails .—The carbon tube furnace construction 
is shown in Fig. 1. 

Tlio tube was of uniform wall thickness (1-2 
millimetre), 34 cm. long, and ] cm, internal 
5 Seo list at end of nrllclo. 
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diameter. The ends were inserted into heavy 
carbon blocks, copper-plated and fixed into 
metallic clamps. 

A stream of nitrogen was passed into tho 
cap at the mouth of tho furnace to diminish 
oxidation. 

Tho plug ,P (in tho centre of the tube) and 
the left half of tho furnace was equivalent to 
a “ black body ” in respect of radiation. 

Tho spectrum was produced by a fluor-spar 
prism, and corrections applied to convert the 
prismatic to normal energy curves by moans 
of tho known dispersion ourvo of fluor-spar. 

Tho distribution of energy was measured 
by moans of a linear bolometer, which was 
enclosed in an air-tight ease to diminish tho 
absorption effects of carbon dioxide and water 
vapour. Tho bolometer consisted of a single 
strip of platinum foil 0-0 mm. wide. Tho dis¬ 
tribution of energy in tho spectrum for vari¬ 
ous temperatures botweon 700° and 1(500° C. 
was obtained. From these curves the values 
of X m and tho energy corresponding to E,„ 
could he road. Tho experimental results wore 
in agreement with the two laws : 

X nl T = constant, 

E m T-* = anotlior constant. 

Wion’s distribution formula, 

E a =Cj\- 8 C 

was found to bold for values of XT loss than 
3000 g degrees. Since the longest wavo-lcngth 
used in optical pyromotry is loss than 0-7 y, 
tho equation is valid for tho entire range of 
tomporatiiro that has to bo measured in 
practical work. 

(ii.) Variation with Temperature of the 
“ Maximum Energy Ordinate E m ." —To vorify 
tho relationship 

K»,-/T 8 

Lummor and Pringshoim employed a Luminor- 
Ilrodhun speotro-pliotoinotor, and worked with 
different parts of tho luminous spectrum from 
red to violet. Owing to the rapid increase in 
tho intensity of tho luminous radiation with 
tomporaturo, it was necessary to employ a 
number of absorption plates; at tho highost 
tomporaturo tho intensity was reduced to so Vo- 
part to bring it within measurable limits. 


Tomporaturo by -lth-Vowor 

Tomporaturo 

Law (Various Distances), * 0. 

by Em-Mr*, “O. 

23 i5 

232C 

2318 

2327 

2330 

•• 


They wore ablo to obtain an acouraoy of 
about i'20° C. with tho total radiation pyro¬ 
meter, and tho calculated temperatures wore 
in agreement within those limits of acouraoy. 

The relationship X„,T=constant wan also 


cheeked and tho value 21130 obtained for tho 
constant of a “ full radiator.” When tho 
radiation from polished platinum was studied 
tho constant was found to he 2(520. 1 llcnco 
it is possiblo to estimate roughly tho tempera- 
turo of any object whose radiation is inter¬ 
mediate in character between that from a 
perfectly black body and polished platinum 
by determining X,„ by means of a boloniotor 
and a dispersion apparatus. 

This has boon done for a number of radiators 
by .Lummor and Priugsbeiin. Tho maximum 
value of T is given by 2930/X,,, and tho mini¬ 
mum by 2020/X,,,. 


Hot Object. 




Arc light . 

u 

0-7 

libs. 

<1200 

alls. 

3 750 

Nomat lamp . 

1-2 

2150 

2200 

Wolslmoh mantle . 

1-2 

24(50 

22(10 

Incnndcaocnt lamp. 

1-4 

2100 

187(5 

Candle 

1-5 

nmo 

1750 

Argand burlier 

1-/55 

moo 

1700 


(iii.) Comparison of I Vien's Law and Stefan- 
Boltzman n 'h Law (o2800° O.—Tim work of Lum. 
mor and Pringshcim and thoir contoinpiimrios 
was carried out boforo tho rosea relies of I bilbom 
and Valentinor, of Jaequorod and Point, and 
of Day and Seaman hnd established tho high 
tompemturo soldo in tonus of tho gas thermo- 
motor, consequently it is difficult to form any 
proeise estimates of tho limits of accuracy to 
which tho radiation laws may ho regarded 
as proven at high temperatures. Komnitly 
Mendenhall and Forsythe have made a 
comparison up to 2800° 0. between two 
pyroinotors, ono based on "fourth-power” 
law and tho otlior on Wien’s law. Tho 
pyromotors wore calibrated by observations 
of tho melting-points of gold and palladium, 
tho vulucs for which, on the sculo of the 
nitrogen gas thonnomutor, had boon deter¬ 
mined by l)ny and Seaman. 

(iv.) The Optical Pyrometer.—' This, as used 
by Mendenhall and Forsythe, was of tho 
disappearing filament typo described in Jj (3). 
The principle of tho instrument is that of a 
toloseopc. An imago of tho hot object is 
superposed on tho filament of a small elec trie 
lamp. Matching is effected by making tho 
apparent brightness of tho imago identical 
with that of the filament by varying the 
current through the latter. 

Since Wien’s law iH applicable to mono- 
ohromatio radiation mid not to tho on tiro visible 


‘There is no theoretical basis fur the application 
of tiio Jaw to tho radiation from platinum, null 
subsequent Investigations have shown that AmT Is 
not n constant for polished metallic surfaces, but 
increases with temperature. The constant video 
obtained by bummer and PrlnKslielm ts due possibly 
to tho small range of temperature employed, or to 
lack of polish on tho radiating surface. 
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spectrum, it in necessary to iKolato as narrow 
a spectral range as possible. Generally this 
is e(looted by the use of a ])ieeo of good red 
glass ; in the present case, however, they 
employed a spectroscopic eyepiece. The 
latter has the theoretical advantage of giving 
a narrower band and consequently a nearer 
approach to the ideal conditions eon tom plated 
by Winn’s law. Tho width of the hand trans¬ 
mitted was determined and found to bo 200 
A.U. (0-02 /.i) with a centre at X =0-058 g. 

Tho calibration of tho instrument, i.e. tho 
relationship between intensity of radiation and 
tho ourrent necessary to match it, was e(footed 
by tho use of a system of rotating discs of 
measured a per turn. 

Taking the logarithmic form of Wien’s law, 

If balance) was obtained with clear aporturc 
on a “ black body ” at tomporofcuro T„ and 
an apparent temperature T. was obtained 
through a sector of transmission ratio k, then 

so that, by a series of observations on a furnace 
maintained at a constant known tompnraturo, 
it was possible, by employing u scries of disus 
with various valuoH of I:, to calilnuto tho 
pyrometor ovor a rango of tompomturo. Tho 
aporlures of tho discs woro measured by moans 
of a dividing engiiio. Two steady temperatures 
woro used as ehcelcs on tho calibration. 

Tho minimum aporturo omployed was about 
“ vfa." This proved difficult to inuko noour- 
atoly, and on measurement was found to 
ho 2° 1/ CD" instead of 2°. This error, how¬ 
ever, would only produce a divergence of 
C° 0. iii the computed scale iE tho nominal 
value of 2° angle had been taken. 

(v.) The 'Total Radiation Pyrometer .—It will 
lie observed from a study of Pig. <J, § (4)— 
article on “Total Radiation Pyromotry”— 
that the “ total radiation ’’ ]>yromotov was 
enclosed in the ovuouatod ohainbor containing 
tho furnace, while tho optical pyrometer 
observations woro lakon through a glass 
window. A small correction was necessary 
for tho absorption of this window in tho 
visible radiation. 

Tho results of tho intorcomparison aro 
summarised below: 


No, a»r 

(* 0 )ii|mrt£c»iH. 

Temp. r (). 

_rj, ^ Option 1 

Tolnl Rfldlntiun, 

llnnuo of 
Obiorvntluiin. 

0 

1750 

Less than TO-5° 

2° 

7 

2200 

„ -1-2° 

4 

3 

2500 

About -|-2° 

4 

4 

2800 

,, +4° 

7 


Tho difference is systematic hut not greater 
than tho possiblo error of experiment. By an 
alteration in the assumed value of either 
c 3 or X tho systematic difference could bo 
eliminated. For example, Mendenhall and 
Forsythe state that if, instead of O-fiGB/i, tho 
value 0-057 g is taken the differences disappear. 

I. Phacticat, Types op Optical Pykomiotbhs 

§ (3) The Disai'peaiitno Filament Tvi*k.— 
This type of pyrometer was introduced about 
twenty years ago by Morse in America, but 
the principle involved—tho matching of the 
brightness of a lam]) filament against that of 
tho hot object—was in use ns far hack ns 18H8. 

In its earliest form the Morse Pyrometer 
consisted of a metal tubo about 3 inches in 
diameter and 8 inches long, ojien at both ends, 
and provided on one aido with a projection 
sorving as a moans for holding an incandescent 
lamp. 

At tho conlro of the tubo wos mounted tho 



lamp, which was connected in sories with a 
battery, rheostat, and milliammotor. 

Tho instrument is shown diagiuinmationlly 
in Fig. 2. 

In making a tompomturo measurement tho 
operator holds tho pyromotor in front of his 
eye and, looking through, observes the lamp 
IIlament superposed on tho furnace or hot 
object us background. Owing to tho different 
distances of lamp and furnace from the ob- 
sorvor it is necessary to vary tho accommoda¬ 
tion of tho eyo when looking at one object ami 
thou tho othor. 

By adjustment of tho rheostat tho current 
in tho lamp is varied progressively until tho 
lump filament and fiu-nnco appear equally 
bright. When tho filament disappears against^ 
tho furnace ns background, the eummt 
through tho filament is a men sure of the 
tompomturo. 

Holborn and Kurlbautn modified tho 
instrument by adding an objective and oyo- 
ptooo. Tho objective projects an imago of 
tho furnace upon tho piano of the lamp 
filamont, and tho fatigue of tho eyo due to 
constantly varying the accommodation is 
avoided. 
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Theoretically, (he image of any «ourcc ah 
observed through a particular telescope will 
not vary in brightness with a change in distance 
from the source (except, of course, differences 
duo to air absorption, etc.), providing a certain 
solid tingle is always filled with radiation from 
the source and this angle is of such Bi'/.o tlmt 
the ctmo of rays entering the eye is constant. 
This angle is generally determined by having 
the eyepiece at a fixed distance from llie pyro¬ 
meter lnni]) and having before the eyepiece a 
limiting diaphragm of such size that it is 
always fillet! with light from tho objeolive 
lens. It is also necessary to have a fixed 
diaphragm between the objective Iciir and 
tho pyrometer lamp (see Fig. 15). 

In all modorn instruments of this typo a 
red filter glass 1 is fixed in the oyepieco. 

This serves two purposes: 

(«) Tho matching of tho intensities is 
facilitated, as practically monochromatic radia¬ 
tion is obtained, so there arc no colour differ¬ 
ences at high toniporaturcs. This is of 
particular value in dealing with surfaces 
which do not radiate light of tho same com-’ 
position ns that omitted by a black body, since 


A, hot object | If, objeolivo lens; (!, entrance cone 
i ajimiKm; I), pyrometer filament; JS, eyepiece 
ilInplmigm; 1', oyoplcco; «, red glass. 

tho intensity of radiation of any one colour 
from such surfaces increases progressively in 
n definite manner ns tho temperature rises. 

(i>) The scale of tho instrument- can bo 
extrapolated on tho basis of Wion’s law, em¬ 
ploying a rotating sector or absorption glass 
for cutting clown tho intensity of tho source. 

Ill recent years Forsythe and his colla¬ 
borators at the Kola Research Laboratory 
hnvo made a thorough study of this form of 
pyroinotor, and sliown how many of tho errors 
in temperature measurements with tho instru¬ 
ment may ho avoided by attention to tho 
details of tho design, 

A modem form of disappearing filament 
optical pyrometer made by tho Leeds & 
Northrop Co., which is largely used in tho 
industries, is shown in Fig. 4, Tho tubo is of 
aluminium and tho instrument construotod ns 
lightly as poHsiblo for convonicneo in using. 

In the Standard Pyrometer of the National 
Physical Laboratory, used for precision work, 
two lamps are fitted, and they can bo readily 
interchanged so that a oheok is obtained oil tho 
permanency of tho calibration, Tho rotating 

1 A detailed discussion of (lie red inter glass and 
absorption screens is given later, ns they perform the 
samo functions In all types of optical pyromoters. 


sector is arranged just in front of tho lamps, as 
the experiments of Mendenhall mid Fnmytlio 
have proved that in this position the definition 
is practically independent of the position of 
the opening of tho sector relative to tho 
filament when crossing f lu; field. The dillieulty 
only occurs when taking the tompomturo of 
small objects such as incandescent lamp 
filaments. 

Extension of the Scale above /.j00° C ,—This 
range of tompomturo that can he measured 
in the ordinary way by an option I pyrometer 
without some device for cutting down the 
intensity of tho radiation from tho hot object- 


&-EmJS o 


This Screen nsoil on Slnotu 
flanQD Instrument on In 


This Semen uaoiion Daitblo 
Unlive Instrument onlv 



is from 700° to 1400° 0, Tho comparison 
smiice cannot bo run at much higher torn* 
poratmes than MOD 0 C. without rapid deteriora¬ 
tion. The scales arc extended by tho use id 
absorption dovices or rotating sectors. Willi 
tho early form of disappearing filament pyre- 
motor, tho absorbing device generally used 
consisted of two black glass mirrors inclined 
at an angle of ‘15°. In this arrangement tho 
beam of light from a hot object is reflected 
twice at an angle of 4(5° incidence, and thereby 
weakened to about 1/200 of its original in¬ 
tensity. 

To oxtend tho seaio of the pyroinotor up to 
about 2700° 0., tho usual practice at the 
presold day is to insert a piece of noutrul- 
tinted glass in the path of tho beam from the 
fnnuico or to employ rotating sectors of 
definite aperturo. 
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A 1 1 irii'ihiiijiiii nf Ilii' hiHliiiilii nf t'limpnlini' 
I In- I )'nn.n11*!i-m,n I'm i■(iir i.-i irivi-n lalrr. 

J (I) .Mini. h* v hum i;ti:ii. Ilnn'i's.i Inn <| ( > 

\i-i'll ii vnlimlilr iiinfnmiMiilnf I lm iliim|>|ii'iirin;' 
lilmiK’iif, (ypi’, \vItiflt In Imiiiiiiii ininiifii/rnuirlrr, 
Inr flin ilnlmniiiintinn ul Him iiicII i»j;.pninlnf 
in in «i (n n| ii’i i i nt'i m nf inn I <>riii Im. 

‘I Iim appai'ulna ( b’lij. fi) i.'i amimivliul iiiiiiilnr 
In n July iiH’lilumi'li'i-, ivilli ii inii'ni:ini|ii< 
| »v i‘i • ii iii (i'j", wliii'li in fi imii'ii.i'i | mi | lm M] ||>|’ i lilt’ll 
r<!iliii|' mi a nlii11 of ]»)nIiiiiiiu Imalnl liy a 
mIHTmiiI . 

Williiti Him lliiyi'ti •'im ny.ipi nf an 



m.limuy inli‘H*iii*ii|Mi n inmill ini'umli'iiiTiil 
lamp la lummlril. In m-i li-n u nil llm lamp 
itii'iM ia mi iiiiiiiinlrr ami ilmniilaf iipiaali'il in 
pi ci'IiimI y Him iuhiim iimimt<r an in Hm rmm nf a 
ilinnppriiilm; lilaini'iif lypn nf >i|»l|iyiu- 
imi'ImI’, Tin 1 lyMpH'i’i* nf Him Miluruai'iipM in 
lltli 'l willl a pii'i'M nf |'niill ti ll lillrr trill'll. 

I'm l«'iii|ii<ral iiimii mm ivillii)? MIHr an 
ali'iiii p| Inn I'laiMi jn plainl Ih Iwi'mii Him iiilnhn 
ifnpti mI iji'niivi! amt Hm {inmii'M wimlmv. 

Tim lip nf Him lll.Uiii'iil nf Hm lamp la iim(. In 
Him aiiim' lirkflttUMW iim Hm plnliniint Hhip 
vlmml fnim iiluivn nf. Hm inulatil. nf itiolliitjt 


nf Him im'lullm nc itllmi' apm'iiniii mi wliii'li 
Him aiii'i'iiai'i>|iM ia fin.-uainal. Tim i*yo "I Him 
nliai'fvi'r mmm.'i Him api'i'inmn, Mm pluliniim ntrip, 
ami (lm lamp lilami'nl. all in fmaia nl' miimi*. 

§ (ft) (t.u.imiATKiN. Tim mntliiiila /'uimrnlly 
Miaplnyi'il fur Him nililiralimi nf npliral pym- 
1111*11'in irutin< if lm intnplial fur I Ilia purl malar 
furni of iliaiippniulii)' IlliiniMiit pyrunmlnr. Tin* 
miial. rimvi'iimiil' iimtlunl ia that mii'inully mual 
liy .Inly, wliii'li in In iiIimmi vm Him lamp lUincill i 
ul Him Known ini-lliii;' pi>iiila nf |\vn nr i hi i ri* 

|nin» ... mmii na I’nlil, ni>*U«<l. ami 

pallailiuni, ami from Him Mipinlmn «’spri'aa- 
iiijf Him ii'lnljuii IimIavcmii |miu|m-iu1ihm ami 
ntrii'iil. (in lamp). Him fi'mpninhiiM nf nn*l4in** 
nf any apiTiiimn may Iim I'umpiili'it. Fur 
imiilMialM li'mpi'iuliiiM Inlnrvnlu I Iim Mi|milinii 
l"lt H a | h ln|> T may Iim iiuiuI, wlmrn H 
ia Him mii ri mi I, T ia Hm alianlnln IrmpMiuhnu, 
l> a Mnn ilmil very imurly unity. 

Tin- nmllIni' pninla nf hImIimI ami piillailiiim 
ivmi'm lalii'ii f.a- i-ali In al Inn pnrpnai'H. 

Tim aMMiuai'v nf llm iipiulinn wan mIii'mIimiI 
I'V M\li'a|inlatiii|f In Him iiml(ini> puiiil nf 
plalimim, wliii'li cmilil Iim iliii’rllv uliaum'il 
liy mntiOiinp Hm lamp ami uliip nf Hm imilanl. 
Him IuIImi' IiiiiiiI. mil. Tim valim IV.W l'. -I h 
wna nlilalni-il finia ai\ nliii'ivuliulia. 

Aii iitinnapImiM nf piiin Ityilin|'cn waaimiln- 
lalinal ill llm niti'lumiir, In )Mmvm||I n\iilalinn 
nf I Iim Mmtlll imili’l' ImiI, 

I'nr 11 mill mil :.li f. u hit'll Him imlliiii' ia 
'■limp, mil'll an nii-tii'l, inlmll, ami inm, a 
pIMi'l'ilnii nf I" In '.!' uii:i pn'iaililti niHl nhly it 
Imv Ilimiiiamitlia nf a milUj'imii nf tau!«iinl. 

S (il) Tin; I’ni AmaiMi Tvi'i; m' iii-rn’.u, 
Kunlit in HUM iIi’kmiiIimiI a iimv 
lypn nf apMi'iinphnlnnmlMr. In (liiii iunliiimi’iit 
Hm livii Ih'iiiii" nf |l|'|il mmim im"'!vmi| inlu 
MVn Hpia'tra ami Mimipailunn mII'i'mImiI IimIumhi 
1" nmu nf lili'iiHi'al I'nlmir Ilnmii'Jimil. Him 
iijimi'Hiiiii. In llHil W'ammi appliial llm 
Mi’Mlillul pilmipli-i nf Iliin ilnlnmmnl In Him 
ili"*lHM nf an nplliiitl pyrmni'li'i. In llii'mian Him 
la'lialiun frnnt Him Iml nlijn'l ia IIimhIim licain. 
wMIm Him Unlit "f •••ill'llmif InlMtiiilly fnim an 
•'Imi’IiIm lump Htippliia llm I'nmpailtinii Ih'iimi, 1 
(i.) /li m'rifitinii nf tin' hi/ituninnl, Tim 
iviaxiifitil fi'allilr/i nf llm ItialMlini'iii »lll la* 
lllllli’liilnnil f|u||| Mil, II. 

'i'lm radialinn fmin Hm Iml nlijri'l ia ... 

Ilil'nlii.h n ainiill cirMiilar hnlu ivlilln iIim mImmIiIh 
lamp lIluminulM'i llm mat I ainfaiM . .f a riirlii* 
Hilpli’il prlnrn, wliii'h in Inin «liim-t|» llm lijrlil 
nn In u liMi'iiml Miiiailar Iiu|m iivmim’liliallv 
rHapiiMMiI willl l lm llial' illmlit. I III' npIlMal a\lit 
Ilf Hm ay/ilMlil. 

1 Tin* i iiiiiail IIiimIIiiIi Him |.iiii|i la umlmalM'il lit 
a I'H ili'lnailtu'il valiiM liy iiumih nf a ili' iwfaf niul 
iminii'tfr. Fnaii (Iuim In Uni" Hi" liitnu»|ly nf Him 
•h'MIH I'.lvi'll I'V Hi" llli'l'ltli! lainji I'i trliittIll'll Ultlllll I 
tlml h'tiiH mi amyl aivfal" I:iiii|i liy mljiHuti iil nf 
Hi" ciirrmit. Tlilu ri-iiit<-i<i Hi" m il" nf llu- m nu 

ItU'li'r llllt"|ll-||lli'Hl. nf Him J'l'l lllillll'IM'V nf Hi" Mill'll I*’ 
lani|i. 
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A lens renders fctio two beams parallel, and 
n Roehon prism splits each beam up into 
components polarised at right angles. 

The function of the Inprism lens is to pro¬ 
duce deviation in the lienma of such amount 
tha t an image from‘each of the two sources is 



Flit. 0.—Diagram Illustrating Wamnir's Mollification 
of Xdnig’s .Spectrophotometer. 


brought into juxtaposition. On consideration 
it will be seen that tho biprism splits euoli 
imago up into two, tliua bringing tho total up 
to eight. 

These iinngos aro somioironlar patches 
uniformly illuminated. Tho two in juxta¬ 
position aro polarised at right angles, anil aro 
viewed through the oyopieee, tho other 
images being screened out. 

Tho Niool prism N can bo rotated around 
the optical axis, its l»f>t|\lAnI• •'“f"■*'? 0< ’ 
by u pointrp^iu'-b; "ft.-- .on being mdioatcii 

....... 

' To understand the precise fiuiotionB of the 
various optical parts it is advisable to consider 
tho ofleet of each individually. 

In Fiij . 7 tho contribution of onoh component 




Fm. 7.—Diagram showing .1 mictions of various 
Optical Parts of Hie Kpaetrophotemoter. 

Tho nmnVH -<—> anti T Imllrute piano of l'olarlmi- 

llmi. flight Images are formed In all, of which six 
are stopped out. 


in shown. The circular holes are at tho toons 
of the lens, so tho images produced will bo 
uniformly illuminated eirmilar discs, t.c. of 
tho face of the Ions, which tho biprism splits 
up into semicircles. 

To understand the function of tho Niool 


prism suppose for tho moment that I lie two 
Warns aro of equal intensity, I,lion, with tho 
piano of polarisation of tho Nicol prism 
making an angle of 45° with tho direction of 
polarisation of either Imam, a uniformly 
illuminated circle would ho observed having a 
diametrical line across wliero Urn two fields 
oomc into contact. 

Rotation of tho Nicol prism in either 
direction will out down the intensity of one 
of the Imams and increase that of the other. 

Hence, if tho beams are initially of unequal 
intensity, matching of the intensities, ns 
viewed through the eyepiece, is possible for a 
certain position of tho prism between the 
extinction positions 0° ami 1)0?. 

(ii.) '1'lic.nri/of Ilia I'obtrimntj Ti/jm of I’l/riviralrr, 
—It is proved in textbooks of Light that if I, 
and L aro the intensities of two plane polarised 
beams of radiation mulching at angles </., nud 
a beam of constant intensity, such ns that 
from an electric lamp, when viewed through 
a Nicol prism, then : 

11 tnn a </<, 

1 2 taii® i/>,f 

In optical pyromntry, by the insertion of a 
diroot-vision prism or a piece of suitable red 
glass in Olio path of the two beams it is possible 
to work with narrow spectral bands mid con¬ 
sequently apply Wien's law. 

Acooi'v'.iV.g to Inis law liio intensity of light 
of wave-length X omitted by a “ full radialor" 
is given by tho expression 


Suppose T, is the intensity of wave-length X 
at temperature T, ; L is the intensity of 
wave-length X at temperature T fl . 

By Wien’s law 


Hence 


1 1.. c i!lL ,2 y*‘ T ,• A a ('i' a “ t.) 
I a l’'" 1 " 0a 


Taking logarithms to ( lie base a, 

2(log tan </'i - l"g tun V'u) ^ --|l), 


so that the relation between ./> and '1’ is of the 
form 

logo (nil </»:- (t I ,p. 


Ifcneo, if a series of values of 0 mid T 
are obtained, when log (an </> is plotted against 
1/T, the points slmnld fall on it straight line. 

Theoretically, a single determination of tho 
angle i/i corresponding to a known lempomliiro 
'i‘, together with it knowledge of c 3 mid A, 
should sullico to give a complete ealihration of 
tho instrument. In practice, hnwovor, it te 
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very difficult to obtain perfection in the 
optical parts and freedom from strain in the 
lenses, and this affects the polarised beam. So 
it is generally advisable to calibrate the 
instrument against a “ black body ” over the 
entire range. 

Experience with commercial forms of the 
pyrometor indicates that the divergence from 
the theoretical line is greatest near the ex¬ 
tinction positions owing presumably to defects 
in the Nicol prisms and scattering of light, 

§ (7) Calibration op tiib- Instruments 
Empirically. — The calibration of optical 
pyrometers can bo readily elfeoted by reference 
to a standardised thermocouple in an electric 
furnaco arranged to give approximately full 
radiation by a series of diaphragms suitably 
disposed. 

Fig. 8 shows a funiaco arranged for optical 
pyrometer calibration up to 1370° C. 



The pyrometer is sighted upon tho central 
diaphragm, which has the junction of a 
thermojunction on its surfneo to givo tho 
temperature of the enclosure. 

For representing the relationship botwcon 
current and temperature in tho case of tho 
disappearing filament typo of pyrometer a 
parabolic formula 

C=«+6T+cT a 

is sufficiently nconrate. Whilst for tho polaris¬ 
ing typo the formula 

log tan <p=a + ~ 

should hold for tho major portion of tho scnlo if 
the optical parts are in correct adjustment, 

§ (8) Standardisation by Observation op 
Transition Points. —It is possiblo to calibrate 
optical pyrometers by direct observations of 
freezing- or melting-points, without the use 
of a thermocouple as intermediary. 

In tho onso of materials which require a 
reducing atmosphere and do not renot at high 
temperatures with graphite, Kanolt employed 
the following method : 


The substance was contained in n graphite 
crucible with re-entrant tube carried from the 
lid, as shown in Fig. 9. 

The crucible was heated in a graphite spiral 
furnace and the pyrometer sighted on tho 
bottom of the tube; this ensured that 
approximately black body conditions were 
obtained. 



Fill. 0,— flrnpbltc 
Crucible with Hc- 
entrant'J'u be sup¬ 
ported from 
bid. 


up- 

tho 


On plotting the heating or cooling curves a 
well-defined halt was observed at tho transition 
point. 

Tho following metals and salts were em¬ 
ployed : Antimony, 830° C. ; copper-silver 
eutectic, 779° 0.; silver, 9(10 fi 0 C.; copper, 
1083° 0. ; diopsido {melting), 1301° C. Pro¬ 
longed heating of diopsido in contact with 
graphite had no apparent effect on tho value 
obtained for the melting-point. 

Attempts have been made by Hoffman and 
Meissner to employ a similar method in the 
case of the palladium freozing-point. 

A hard porcelain crucible 
and tube were used with an 
oxidising or neutral atmo¬ 
sphere around the metal. It 
was found that tho molten 
palladium attacked, the por¬ 
celain with tho formation of 
a brownish substance. 

An additional difficulty 
was tho “ spitting ” of the 
fused metal, accompanied 
by considerable lemporaturo 
fluctuations; this could not ho prevented 
oven by the passage of a stream of pure 
nitrogen into tho metal, 

For tho direct calibration of a pyrometer 
in tonus of the melting-point of palladium tho 
simplest procedure is to make tho palladium 
wiro a part of an electrical circuit and heat it 
up in a furnaco under “ blade body" conditions. 

Tho melting-point onn bo detected by tho 
break of the circuit, and tho temperature at 
this instant should bo noted, 

The molting-point of platinum onn also bo 
employed ns a fixed point in tho samo way. 

$ (0) Calibration op Optical Pyrometers 
by Comparison with a Standard Instru¬ 
ment. —When an optical pyrometer lias been 
standardised by referonco to high temperaturo 
melting-points anil its scale calculated, it is 
not a difficult matter to calibrate other instru¬ 
ments by comparison. 

A carbon tube furnace is suitable for 
temperatures up to about 2»>00° C. This 
type of furnace iB very simple in construction. 
The carbon tulio is damped in water-cooled 
electrodes and heated by a current of several 
hundred amporcs. 

Tho incandescent tube is protected from 
oxidation by filling the fumaoo sholl with 
finely divided lamp-black and tho ends arc 
dosed by thin glass windows. A stream 
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of nitrogen i.s passed through the In bo to dear 
away any smoko produced. 

When the furnace is at a stonily tomporatuiu 
this pyrometers are sighted in turn upon a 
plug of carbon fixed about midway in tlio 
tulic. 

If instruments of identical construction 
linve to bo compared it is not essential to 
Imvo a “ black body,” and the plato of a 
tungston arc lamp 1 constitutes a convenient 
hot object to sight upon. By arranging tlio 
ionising filament so that it can bo heated inde¬ 
pendently of the current through the arc, it 
is possible to obtain a range of tomporntures 
for tlio plate. 

§{ 10) Relative Munirs of the Disappear¬ 
ing Bn, AMENT AND POLARISING TVTKS OF 
Optical Pyrometers.— Thu iilamont typo is 
essentially a telescope, and consequently it is 
easy to select out the objeot whoso tomporaturo 
is desired ; tlio polarising typo does not pormit 
of a sharply dofined imago; in fact, tho 
field shoulfl bo a uniformly illuminated somi- 
eiroulnr patch. A blurred imago of tho hot 
objeot is, however, distinguishable by moving 
the eye about a little. 

With tho polurising typo it is necessary, 
when taking tho temperature of a motallio 
surface, to sight normally sinco tho light given 
out at oblique incidence is largoly polarised. 

The polarising typo lias tho following 
advantages: 

1. Extrapolation of tho scalo on tho basis 
of Wien’s or any other radiation law ib roadily 
effected, as tlio instrument is essentially a 
photometer. 

2. Tho tomporaturo soalo is independent 
of tho permanency of tho olcnlrio lam]), whioh 
is set from time to time against an amyl 
acetate lamp. 

It should bo obsorvod, hmvovor, that 
accuracy in this sotting on tlio amyl acetate is 
of fundamental importance. 

§ (11) Wave-length of tiih Radiation 

TRANSMITTED IIY THE RED FILTER C.LAS3.— 
Over the range 700° to MOO" 0., through whioh 
it is possible to oalilirato an optical pyrometer 
against a thormo-olomont undor “ black body ” 
conditions, it i.s immaterial what tho wave¬ 
length transmitted by tho 111 tor glass may bo. 
But when it becomes necessary to extend tho 
aonlo to high tempomturcs, the use of a rotating 
scotor or an absorption glass is necessary to 
out down tho intensity. Tho higher range is 
calculated on tho basis of Wien’s law us 
follows: 

Calculation of the Constant of an Absorption Class 
or ltotuting Hector, —ft ia assumed that tho absorption 
glass or scoter outs down tho intensity of tlio light 
from tlio hot objeot in tlio ratio of k to 1. If T x is 
tho obsorvod temperature without absorption gloss, 

1 These lumps urn manufactured by the Kdlswnn 
Co. tor optical projection purposes, 


and To tho apparent temperature of tlio sumo object 
with absorption glass, then by Wien’s law 

_ f '-' 

12=c l \" B (‘ AT,, 

*E=ii 1 \- 6 fl”A'F,, 


wiioro c 8 is a numerical constant 2 whoso value i.i 
14,350 micron degrees, and \ is tlio wave-length; 
so that T\ can be calculated from tlio observed T a if 
k mid \ aro known from independent, measurements.' 1 

If the rod filter gloss wiis strictly monoolnomntio 
tho wave-long Lb transmitted \ would ho a coimluut. 
Thus it would hu tlio same for any energy diRtrihut inn 
and temperature of source. 

As it is im[K)ssililo in praotico to obtain ubsolulelv 
monoohromatio filler glass, the question arises which 
pnrlioular wave-length in tho spec Ira I band Iraim- 
inlttcd by tho glass is to lie employed in tho calcula. 
tioim ? 

In order to deoido upon the appropriate wave* 
length it is neoessary to consider the function of tho 
filter glass. 

Now tlio quantities whioh aro actually compared 
in pyrometry aro tlio integral luminosities as observed 
through tlio filler glass, bo it is obvious that tlio wave¬ 
length lo 1)0 employed in calculation (or tlio 
“clfcotivo" wave-length ns it in termed) must ho 
such that for any definite temperature interval (lie 
ratio of tho radiation intensities fur this wave-length 
according ,.n Wien’s law shall equal tlio ratio of Urn 
integral luminosities as observed through tho glass, 

§ (12) Determination of the " Effegtive ” 
Wave-msnothh for various Temperature 
Ranges. —The following method for tho dolor- 
initiation of tho “ ofltcoUvo ” wavo-longth for 
the interval hotween two definite tempera- 
tines of a full mdiator Ims boon described 
by Hyde, Cady, and Foray the. Other 
methods, depending on a knowledge of tho 
sensibility ourvo of tlio oyo, have boon tie- 
scribed by tlio snino uuthorn, by Rirani, mid 
by Footo, who gives a matlwmalieal trout, 
moot of the question. 

(i.) Direct Determination. —Tho ratios of tho 
mtonniticH of emission of the source for a 
number of wave-lengths are mensural, mid 
these ratios compared with the ratio of tlio 
integral luminosities of tho radiation from tlio 
source, when observed through the red glass 
undor test. 

These measurements cun ho made in two 
ways : 

In one set of measurements the ratios of the 
intensities of radiation aro measured with a 
speotropliotomotor, and tlio ratio of tlio 
integral luminosities with a Lummor-Brodhim 
photometer having tho red glass over the 

1 For a (ItKciiRslon of tlio value of tills constant hit 
“ltndlntton, Determination of Laws of,’’ §§ (0). (11), 
(12). ' 

* This expression Is also applicable for calculating 
tlio small nbsorptlon (.'fleet of a glass window closing 
a furnace. 
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oy<>]>i«co. In the other sot tho mtio of tho 
iiitcjimitioa ai'o measured . with a apcetml 
photometer (Helming typo), mid tho ratio of 
tlio In tug ml luminosities with an optical 
l»yroinotor, oitiior disappearing filament or 
polarising type, with tho red gksa over tho 
oyopieee. 

(ii.) Indirect Determination. — -Tho results ob¬ 
tained hy onionlution from the, transmission 
eurvo of the red glass (from wiiieii tho integral 
luminoaitioa are ealeuinted on (ho basis of 
Wion’ti law) and tho sensibility curve for tho 
oyo are in oloso agreoment with thoso obtained 
by direct experiment. 

Tho procedure for obtaining tho values of X 
in lahoriniiH, and is resorted to only in the enso 
of standard instruments for use at tempera¬ 
tures exceeding IfiOO 0 0. 

Poole adopts tho indircot inclhod, hut develops 
the method of computation, so that tho effective 
wave-length for a definite torujioraturo is obtained 
instead of over mi interval of temperature. 

Ifis method of calculation is as follows: 

hot tho transmission coefficient of the glass, i.o. 
the ratio of energy transmitted to the Incidontenergy, 
he denoted by k. Then A=/(X), whore /(X) is an 
imknmvn funotion to he determined experimentally. 
And let tho visibility curve for tlio average eyo Im 
repreaen ted by 

It is not necessary to know tlio matlummtiiml nqiin- ! 
lions for these us tlio gmpliio forum-of tho functions 
are qnilo convenient, 

Nmv Hcooriling to Wien's law tlio intensity at 
tom pornturo T\ is 

fo 

.Kji =e 1 \~°0 AT,, 


nail nt T a 


at,, 

w i _ i \ 

= c AlT a T ,)• 


.Sliict! \ may linvo any arbitrary value, It can ho 
chosen ho n» to give tho ratio of to Ej. a the same 
value nn the ratio of tho integral lumlnostticH seen 
Through the flller glass. 

Lot L 1 "luminosity at temperature T,, 

L a ^luminosity at tmupemturo T B , 

Tliott 

/■CO rVi 

b, - / E(\, r i\)k(\)V(\)d\, 

.'a Jo 




Ii(X, 


H(A, T.JkVdX 


L, and L a can ho determined by graphical integra¬ 
tion. Lot tho ratio bo any dollnito number. It is 
possible to so choose X in the relation that 


! 'V^. ~ b|/l-j. full this value of X, A m . by 
substituting in the above expressions we Imvo 

H » -a-*) 

Mean X„ = . 

log, L, — log 6 L a 

This is merely the mathematical form of tlio definition 
of effective wave-length proposed by Ilydc, Cady, 
and Forsythe 

Instead, hovcv r, of referring tho effective wave¬ 
length to a given temperature interval T, to T a it 
may he referred to a delinito temperature hy lotting 
the two temperatures approach ouo another. 

Assuming T, and I,, constant and dropping tlio 
suffixes, let T a and T« appronoh these values as their 
respcelivo limits, l'lien 

+($-$} 

X„, = limit of r-V=V”V- 
log L- log L 2 

heoomes, when numerator and donominaUir have 
been separately dillcrentintcd with respect to T, 

1 

x ““*** c 4 b 

1 AT 

Y Ah AT 

but L~J" EfcVrfX, 

~ ~~ f mVd\ » / ^fcVf/x'”! 

di tfSJo o «f.L 

siuco only 10 is a function of T. 

_ /•’* 

Again, K«c,\‘ 6 e AT, 

0, ( m kVM\ . „ . . - A 

«,- 2 * / —r—, sineo E AI ; 

.1 Jo A 

. X c * h - h 

' m /«> hVIO.. /«-fcVB ' 


r 

/ WKiK 

\ 

M °7“ AVJO, ’ 

Jo T* 


This is tho effective wave-length for a glass of Iran to" 
mission A=/(X) for temperature T. 

To find X m . therefore, it is necessary to plot tho 
transmission ourvo, k, for the glass, the visibility 
ourvo, V, for tho oye, and the onorgy curve, 15. of 
tlio source. 

Tho produot of corresponding ordinates would 
give a now curve, tho ansi of which is the munernlor 
of tho fraction representing X M . 

Similarly a ourvo obtained by dividing enoli ordinate 
of tho previous ourvo hy its X would give a ourvo 
tho area of whioli is tlio denominator of the fraction 
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A typical series of curves is shown in Fig. 10. 

Hut Foote points nut that instead of plotting \ 
in terms of EfcV ns ordinates, the ordinary luminosity 



H'nuo Length n 
Fia. 10. 


ourvo, wo may plot VE k/\ ns ordinates. Tlion the 
value of is that value whioh onrresponds to tho 
centro of gravity of tho ourvo with respeot to tho 
E k\'/\ axis. 

Honco tho truo offoativo wave-length of a pyrometer 
glass is tho wave-length corresponding to tho centre 
of gravity of tho ourvo 0(\)-E Vk/\ plotted in terms 
of \ that is, tho luminosity at any wave-length 
divided liy tho wave-length mid expressed in terms 
of tho wavo-longth. 

Tho value of L can (jo determined for various 
values of T, and heiico a curve found for X,„ ns a 
fmiction of T. 

In Fig. 11 is shown the results obtained for typical 
glasses omploycd for filter screens. 



§ (IM) lSvKKOT OP CHANGE OF TEMPERATURE 

OF 'rut; Filter Glass on its Transmission 
Coefficient ,— Another factor whioh infill* 
onccs tlio transmission coefficient, of tho red 
glass is its actual temperature. 

Some observations have been made by 
Forsythe on tho transmission curves for a 
specimen of red glass when maintained at two 
different temperatures 20° and 80° 0. Tho 
results are shown in Fig. 12. Curve A gives 


tho transmission of tho glass at 20°, whilo 
curvo 11 is tho corresponding rum when its 
temperature is 80°. Tho transmission is shown 
to doorcase with increasing tern pnrutu ro; tho co¬ 
efficient of change being greatest in the shorter 
wavc-longth. Tho change is such its to make 
tho transmission band appear to shift to longor 
wave-lengths ns tho temperature is increased. 

A test was mado of tho ofVcofc of this tempera- 
tore shift of tho transmission band on tern- 
poraturo measurements when tho red glass 
was used as a filter screen before tho oyopieco 
of a pyrometer, Tito temperature of a carbon 
filament lamp oporatod at a tom poraturo of 
about 1I)U0° IC 1 wits measured with tho red 


guo 

£20 


is 

u 

■ 

■ 

Si 


■i 


g 

55 

Eli 



s 

■1 

■s 

\ 


£ 

g 

E 

fi 


■ 


■B 

m 




E 


■ 



Hi 

|IL 

K 


■ 



■ 


■ 

■l 

rj 




E 


E 



■ 

■l 

Jm 







(l 




jVf 






1 

!■ 



■ F. 

111 



i 

fi 

5 


B 


■[J 

III 








■ 


■ j 

11 







■ 



mi 

■ ■ 

1 



i 


1 

ifi 



HI 

II 






fi 

ii 

F|| 

1, 

g 

g 


■ 



■ll 

|,| 

|j 

1 



i 

fi 

■ 


■jl 

ill 

1 


;v 


B 

g 

m 

* 

s 


|| 


fi 



g 


■ 


a 

Hi 



| 

■ 

B 



Wauo-lengtli, In fi 

FIG. 12.—Spectral TrniismlHHlon of a Slnaln 
Thickness of Ulass F-1512. 

A at 20 ° <!., //at 80° O. • 


gtnss tomporaturo at 20° and 80' 1 < !., using a 
scotor diso with a 2“ opening, as this gives a 
larger effect than a motor diso of greater 
transmission. It wits found that there was a 
decrease of about 0" (!. in tho tomporaturo 
obtained when the glass was healed to 80° 
over that obtained with a glass at room 
tomporaturo. Ilonoo it may bo inferred that 
for all ordinary room tomporaturo ohnnges the 
effect is negligible. 

§ (14) Spkotrosoopio Eykwkoh. — Pmoli- 
cnlly all modom optical pyrometers havo rod 
filter glasses for producing approximate mono, 
chromatic radiation, ami as shown above it 
is possible to obtain tho olTectivo wavo-longth 
of such a glass, which is equivalent for tho 
purposes of calculation to tho case of perfect 
monoohronmtism. 

Tho early forms of optical pyrometer of tho 
polarising typo hntl direct vision prisms in 
place of filter glasses, but praotioul require- 
monts demanded that tho slit opening should 
bo so wido that the spectral hand transmitted 
was no hotter than that transmitted by a 
filter, glass. If, however, tho conditions of 
the experiment aro such that narrower slits 


1 Tho symbol K denotes the 
dynnmlo scale of temperature. 


absolute 


thermo- 
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aro possible the system offers certain advan¬ 
tages. Mendenhall, in some of his work on 
tlio disappearing type of optical pyrometer, 
used n spectroscopic eycpieco. The fitment 
consists of a small auxiliary eyepiece, nnd a 
totally reflecting prism which slides in a side 
lube just beyond tho lamp. Tlio images of 
the comparison filament ami of tho hot surface 
iu'0 thrown in sharp focus across tho middle 
uf tlio spectroscope slit by moans of nn in ter¬ 
med in to achromatic lens, the primary image 
of the hot surface having previously been 
brought into the piano of tho comparison 
filament by focussing in tho usual way. 

Tho eyepiece and ocular slit of variablo 
width are movahlo with a micrometer screw, 
giving about 500 divisions for the visible 
spectrum, and it is easy to work with an 
ocular slit covering not more than 25 A.U. 
( — 0-0025 n). The field then shows a central 
1 mild duo to tho filament bordered by light 
from tho hot object. 

A comparative series of tests on tlio sumo 
object under tlio siunc conditions, employing 
in the one cuso a spectroscopic eyepiece mid in 
tlio other a pioco of rod Jona glass having a maxi¬ 
mum ordinate at X — 0-052 p, is given below. 
Tlio distribution of light in tho transmission 
spectrum of tho red glass was dotonniuod by 
Bpootrophotomotrio observations: 


Temporal,lire, ° 0. 


Jliul (Rasa. 

Kpoctroaeuple Kyoplcni 

iou:i 

1002 

1858 

1801 

1000 

11)00 

2000 


2370 



§ (15) ItOTATINU Sum-Oil MkTIIOD Ot-' RH- 
1)1)01 NO Till-! IntKNSITY J1Y A RkFINITJ-J A MOUNT. 
—-Rotating sectors havo been advocated by 
some obsorvers for cutting down tho intensity, 
sinuoitis then possible to obtain tho coofiioient 
of transmission by actual measurement of the 
soo tor. 

(i.) The See ton. — Mendenhall om ployed 
aootors 135 om. in diamotor. With discs of 
this diameter it was found possible to out 
radial openings ns small as 3°, giving a factor 
of 1/120. 

Tho absence of any error duo to diffraction 
wus proved by comparing tho effect of ton 
equal and separate openings with that duo to 
a single opening of the same total area. 

Tho range of tomporaturo availnblo with 
various-sized scoters is illustrated by tlio follow¬ 
ing oxamplo s 

A pyrometer calibrated with full aperture 
had a scale oovoring tire range up to 1549° 0. 
(melting-point of palladium): with a 1/(10 
sector tho range was from 1755° to 2-182° 0.; 
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and with a 1/180 sector tho senlo was extended 
to include the melting-point of tungsten 
(3300° approx.). 

Fur tho very small apertures it is advisable 
to uso a largo disc : Mendenhall employed one 
of 27 cm. diameter with an opening of 1-7 mm. 
at its narrowest part, whilst sectors 35 cm. 
n diameter or bigger are desirable in precision 
work. 

Tlio table below gives tho transmission 
value of a number of sectors and the apparent 
temperatures T 2 , 

Temperature cokiiehi-ondino rn mmiriKNT Prat- 
centaurs or tub Radiation from a Black 
Booy hem) at run Temperature or Mki.tino 
Palladium (1828 Deo. K), uhinu lino (-Slabs 
with an MrrEcrivE Wave-lknotu which 
varies as is shown in Column 2. 

Cg** 14,350 fi degrees. 


Transmission 



of .Sector.* 

Am.* 

T a Deg. K. 

0-740 

0 0052 

1785 

•400 

•0053 

1727 

•2443 

•0055 

1032 

•0830 

•6007 

1500 

•0330 

•0058 

142(5 

•01008 

•0051) 

1350 

•00542 

•0002 

1207 


i * l‘ l f, S r h) this foliuuii approximated. Sectors 
about 36em. in ilia me tor. 

(ii.) Speed of Rotation of the See.ton. -- 
Forsythe Ims investigated tho speed necessary 
for rotating Hectors and liis conclusions am: 

The sector must rotate at hiicJi a speed that 
no flicker is noticeahlo. To accomplish this 
tlio alternations must bo at Jonst 30 to 40 
por second. Tills is for tho condition whore 
tho open anil closed spaocB of tlio scoter aro 
about equal in sizo. Tf tliero is a very groat 
difference between tlio open ancl closed parts 
of tho sector, hb for instanco in tho onso of tlio 
2-dog. sector with two 1-dog. openings, tho 
speed must bo higher. If the motor available 
will not rotate tlio sectors fast enough when 
Micro is but one oponing and one closed part, 
it is often a groat help to make more open 
spaces. A good plan is to liavo six openings, 
which will reduce tho necessary speed con¬ 
siderably. For a small scoter having a 1-dcg. 
opening this is impossible without making'" 
tlio sootor too largo, because if tho sector 
opening is too small Micro is danger of an 
error due to diffrnotion. In this coho, with 
a scotor 35 cm, in diameter, it is necessary 
to havo a motor that will rotate it something 
like 3500 r.p.m. 

In Fig. 13 are shown tho values found for 
the transmission of a 180-dog. sootor ns a 
function of tho speed in alternations por second. 
This transmission was measured with the 
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mirror-like surface of the molten metal only 
apeoulni rcllcetion whs possible, and (hero 
could ho no error due to this cause, unless the 
imago of some hot object was actually visible 
hi the telescope. 

Temperatures were measured by moans of 
a thermo-element bout into the form of a crook. 

From tho observations the following equa¬ 
tions wore deduced, in which i is the truo 
tomperaturo centigrade and-a tho apparent. 

(i.) Clear Molten Copper Surface. 

Red light (\ = 0*fifi/i)* 

£=1*615 s- 359. 

Groon light (\=0*55 p), 

£ = 1-515 s- 477. 

Hence at tho melting-point the apparent tem¬ 
perature, with tho red glass, is too low hy 130°. 

The green glass gives a tomperaturo 78° 
higher than the rod glass throughout tho range. 

Burgess states (lint in deducing tho equa¬ 
tions a slight allowance was made for the fact 
that tho optical readings would torn! to ho too 
high on account of tho slightest traces of 
impurity on tho copper surface. 

Tho maximum difforcncc between tho ob¬ 
served and computed values of tho tempera- 
tnre over tho range 1073° to 1200° C. was 
about 13°. 

(ii.) Cuprous Oxide Surface .—Tho formation 
of an oxklo film caused an appftront increase 
of 100° in the tomperaturo of tho molten 
copper when observed with tho red glass, 
and 35° in tho case of tho green glass. 

The smaller incronso with tho green glass is 
(hie to tho faet that molten copper radiates 
strongly in tho green. This greonish appear¬ 
ance persists in the enso of incandescent solid 
copper, as may ho observed hy adjusting tho 
gas food to remove surface oxidation, 

Tho relation between tho apparent and truo 
temperatures, in tho enso of tho oxide, is not 
quite linear. This can ho scon hy a considera¬ 
tion of tho data in tho Table bolow, which 
refer to tho red light of wavo-longth k=0*G6 p. 


Pyrometer Heading, 

True Tompomture, 

Molten Copper 

050 

1082 

■u'/o 

1118 

1000 

115(1 

1025 

1103 

1050 

1231 

Cuprous Oxide 

000 

003 

050 

058 

1000 

1020 

1050 

1087 

1100 

1150 

1150 

1233 


Kmihhivitikh 


Temperature, 

“(;. 

A =005,1. 

A 3=055,1, 


Molten Copper 


1075 

017 

0-17 i 

1125 

015 

0-38 

1175 

014 

0-32 

1225 

0-13 

0-28 

Cu-prous Oxide, 


1000 

0.80 


i mo 

(MR) 

0-118 

1200 

(0*10) 

(0*18) 


Tho corrections necessary to tcmpemliiro 
observations with an optical or total radiation 
pyrometer whon sighted on copper and copper 
oxide surfaces aro shown graphically in Fig. 1(1 



D.—Bjnek Body Tempcratun's for Liquid 
and Oxidised Copper (A=00f>,i). 


5 (20) ICairssiviry of Solid and Liquid 
Gold. —Gold is one of the metals wliioli 
does not oxidise appreciably when healed. 

Both copper mid gold omit greenish or 
Mulsh light at high tomporaturos. Stubbs 
and Pridonux made a study of tho omisslvity 
of gold. Tho radiation of tho various wave- 
Jongths was monsured hy moans of a Ktinig 
spectrophotometer and direct comparison made 
with tho radiation from a “ black body ” at 
the same temperature. 

The metal was contained in a silica capsule 
of 4*5 cm. diameter and (1 mm. deep. Tho 
“ blnok body ” was placed in exactly the same 
position for the second experiment. It con¬ 
sisted of a cylindrical graphite blook, 11 cm. 
long, 5 cm. in diameter, in tho centre of which 
a hole 12 mm. in diameter hy i) cm, deep was 
bored. 

Truo temperatures wore obtained by means 
of thermocouples. 

In the enso of the gold the two couples 
dipped into tho inotal, one on either hhIo of 
tho (iokl of view. Owing to tho shallowness 
of the depth of immersion an error nf tho 
order of (1° at 1000“ O. was introduced in the 
obaorved readings. A correction was applied, 
this being determined by observing the ap¬ 
parent freezing-point. Two oouplos were also 
embedded In tho graphite. Tho black body 
conditions were sufliciontly perfect to make i'f 
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itn|)OHHUiki to distinguish the while thermo¬ 
couple* when >t projected into the central hole. 

(■•) Impurities or Inet/uttlilies in the, (hid 
Surface .—Any slight surface film present was 
found to produce nu increase in the rod ratlin- 
tion In which the gold spectrum was weak. 

The impurities wore gob rid of in the case of 
the molten stifface by the application of borax. 

The solid gold surface proved to |>o more 
difficult to obtain free from oxide. 

It was found that n .surface turned flat, 
treated with four grades of line emery powder 
oud then with jeweller's rouge, gave nu up. 
parent,|y perfect mirror. On heating, however, 
a conspicuous rod film was produced. This 
(ilm could he removed by rojieatedly treating 
tho Hurfaee with borax at a tornpomturo near 
the melting-point. Although a dear, solid geld 
surfaces was obtained when tho liquid solidified, 
it was generally uneven ow ing to coutmotien, 
crystallisation, etc., and ennsurpiontly roflcoiccl 
heat from the furnace walls into tho spectro¬ 
photometer. 

Ocoasionully by very slow cooling an area 


discontinuity occurred in tho einissivity wave¬ 
length relationship, the relative einissivity in¬ 
creasing in tho red and decreasing in the violet. 
Roughly tho einissivity for red light of the 



Kiu. 17.—Diagram to illustrate Kmlssivity of (luld. 

solid gold is only ahmit three-fifths that of 
molten gold. 

Fur the limited range of temperature in¬ 
vestigated .(110" U. in the ease of tlm molten 
stale) nu change of the relative einissivity of 
either molten or solid gold with teinperaturo 
was observed. 


JOmishiyity of (ini,!) in -mu 8ei.ii> Xvath 




Temiwralurc. “( 1 . 

. 

. 

Wiivc-lenctli. 

, . 




, 4 II. 

our. 

KUtP. 

iimr. 

101IV.* 



0-7014 

to-uti) 

|"i;mi 

0-103 

0-103 

0-103 

0-11712 

[0-M«| 

II-111 

0111 

11-11(1 

0-11-1 

0-IMO!) 

10-1110) 

O-ll-J 

0-1-13 


0-1-13 

(Mi MO 

10-11)81 

0-172 

0-171 

0-178 

0-175 

o-fittur. 

0-2-11 

0-2211 

O 221 


0-220 

0-5(140 

IKM5 

0-201 

0-289 

0-3111 

0-301 

O'i'll 18 

0-370 

0-371 

0-311(1 


0-371 

0/1181) 

0-520 

0-105 

. , 

0-51(1 

0-I1M 

(MODI 

0-505 

0-11)2 

•• 

o-f>-ri 

0-531 


* Ihvtn niven In this column refer to u surface until rally crystallised from the molten stole. 
Values oneloHiul in nmckels | J were obtained with u .surface having a slight Him over it. 


could he obtained which wan free from un- 
ovniuiess. 

Tho following values were ohtnined for the 
oiniMHivLty of molten gold at file temperature 
of Uh freezing-point: 


From tho above values of tho omissivities 
tho “ hlawk body ” or true temperatures 
corresponding to various values of the apparent 
temperatures eau readily ho calculated from 
(he relationship : 


hhviiHsjvrrv or (Joi.n ix 'nm iMoi.rKK Stati: 


Wave¬ 

length. 

l-liulKHlvity. 

Wave¬ 

length- 

limlsdvlfcy. 

0-701 t 

0-184 

0-5 (M0 

0-347 

0-0712 

0-203 

0-5118 

0-31)0 

0-0400 

0-232 

0-51811 

0-434 

0 01-to 

0-203 

0-4IK11 

0-473 

0-5805 

0-30-1 

0-1750 

. 0-503 


For* fiolid gold at vaiimiR temperatures tho 
values tabulated below wore obtained. Tho 
data avo shown grajihieally ill Fig. 17. 

Stubbs and Pridcaiix observed that in pass¬ 
ing from tho solid to tho inolton stivto a sharp 


whore Ma'/Ka tho einissivity for wave- 
long Hi 


Tam: Tksipkiiatoiik, 10113-2° (!. 


Wave-length 

Apiiarent' Toiii]i[*ruLiiie, '<!. 

in /». 

Sulhl Stall*. 

Molten Sin to. 

0-7014 

891-5 

931 

O-Cl-lUO 

925-5 

050-5 

0-5895 

901 

982 

0-5-118 

1000 

1003 

0-41)01 

1025-5 

1010 


vor,. i 


ir 
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Tim data in preceding (able give the apparent 
temperatnres by Wien's equation for various 
wave-lengths corresponding to a truo tempera - 
ture of lOfi,■{••}" C. 

J) (21) >Snuo and Molten Coitkr and 
iSHjVuu.—A n investigation on tJio name lines 
ns the above described in tho ease of gold was 
carried out by Stubbs for (bo metals silver unci 
copper. 

{'■) Onpper ,—Tho metal was contained in a 
silica pot and heated in a closed furnace with 
a hydrogon atmosphere, the observations being 
taken through a glass window (microscope 
covor glass). 

The block of copper (4-2 cm. diameter) was 
turned up to a (lat surface, rubbed smooth 
with emery paper, and polished with metal 
polish. Tho use of rouge was avoided as it 
was found to tarnish on heating. No trace 
of filming was observed, and tho surface 
showed no deterioration until a lempomtnro 
of about 10 ° from tho melt ing-point had been 
attained, when recrystallisation rapidly set in, 


s 

■ 



1 



■ 


■ 




l 

gg 

■ 








■ 


•40 -DO '06 .00 ,Q5 -70h 

Wauo-laiiijth 


Tio. 18.~.Diagram slifovlnu EmlssIvltleH of 
build ami Mollmi Copper. 

'and this produced stray reflection of light 
from the furnace wall into the photometer, 
owing to the roughening of tho surface. 

A perfect mirror of molten copper, free from 
Him, was obtained without difficulty. 

Tim crnisslvitics for tho solid and molten 
copper for various wavo-longths are shown in 
Fig. 18. Tho values am for a toinporaturo of 
.1010° for solid copjior and 11 :i0° for 
molten cop]Mir. As in tho cuso of gold, there 
is a discontinuity at the melting-point, but of 
smaller magnitude. 

Tho values differ markedly from those 
obtained by J3urgoas described above. 

This may bo duo to tho foot that the ox- 
porimontal conditions in Burgess' work wore 
less favourable, and that the ml glass of hia 
pyrometer transmitted a coni])arativolv wido 
spectral bund (100 W i)> while tho width*of tho 
band in tho photometer employed by .Stubbs 
and .I’ridcaux was 8 pp, 

(ii.) Silver .—It was unnecessary to take tho 
extreme precautions for the exclusion of oxygon 
in the ease of silver as for copper. A satis¬ 


factory reducing atmosphere was produced 
by placing a small quantity of powdered 
graphite in tho furnace below tbe crucible 
containing the silver. Tho solid metal surface 
lost its polish on heating, so that no measure¬ 
ments could bo made of its true omissivitv. 

The omissivity of the molten surface for 
various wave-lengths is shown in Fuj, 19 . 

Them appeared to be a slight incroaso in the 
relative emissivlty with temperature, hut 
owing to the small magnitude of the eooflicient 
tlio authors arc in some doubt us to its real 
nature. 


Tho apparent temporalures eorrespomling 
to the various wave-lengths at tho melting- 
points of tho metals are given below : 


Wave- 
length 
In sc- 

Copper, in.p. 1085" (!. 
Apparent 
Temperature. 

Silver, in.]), nor 0. 
(Liquid.) 
Apparent. 
Tempera turn. 

Solid. 

Liquid. 

700 

80(1 

017 

702 

050 

024 

012 

801 

GOO 

noo 

0711 

810 

550 

1007 

10113 

831 

500 

1028 

102(1 

845 


$ (22) HmISSIVITY OK 1’OI.IHIIKI) PLATINUM. 
—The pornmnenoy of a polished platinum 
surface greatly simplifies tho study of the 
cmissivily of the metal at high temperatures. 

llolburn and Kurllmum, and Waidnor and 
lhiigoHs have independently investigated the 
difference between the apparent and truo 
temperatures for approximately monoohro. 
mutio radiation of a platinum surface. Tho 
former employed a small box of platinum, 
with a thermocouple in the interior, to givo 
the truo temperature, tho apparent tom pew turn 
being obtained by moans of an optical pyro¬ 
meter. 

Tho latter worked with a July inoldomotor, 



which consists of an oleotrically heated 
platinum strip tho expansion of' which is 
measured by a mioromotcr screw, 
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'Hie aj iparent, temperature of tlio strip was 
determined with a “ disappearing filament ” 
typo nf optical pyrometer. 

True tempera Lures wore obtained by cali¬ 
brating tlio strip by melting-points of pnro 
n 10 tala and salts. 

The electric contact micrometer permitted 
of noeumto determinations of lengths corre¬ 
spond i ng to the melting-tcmpemtiircs or minute 
specimens heated on the strip. 

The relation hot,ween apparent and true 
tom pom Wires is shown in Fit/. 19. 

§ (2:t) DrsTKimmON oi* Enbuuy in tub 
S mJi’itA oi.' Platinum, Palladium, and 
Tantalum, —.McCauley lias investigated the 
distribution of energy in the heat spectra of 
platinum, palladium, and tantalum over a 
wide range of tnmporuturo. 

Tho e x peri n lent a woro made on electrically 
heated strips 9-6 cm. long, (M)5 nun. thick, 
by 7 mm. wide, folded into wedge-shaped 
filaments with 12° angular opening. 

The “ true temperature ” was deduced from 
observations of tlio radiation from tho interior 
of tho wedge, using a disappearing iilamont 
typo of optical pyrometer. 1 

'Tho distribution of energy was obtained with 
the usual speotro-bolometric arrangement, 

With tantalum great precautions had to lie 
taken to obtain the highest vacuum in tlio 
onulo.Huro containing tlio Iilamont. Tho slightest 
trace of residual gas would cause the resistance 
to immense rupidiy, the metal becoming brittle 
and losing its metallic appearance. 

If tho vacuum was satisfactory tlio metal 
after heating romaincfl bright and ductile 
oxeopt for a slight flaking olf at tho highest 
temperatures. 

Tlio spectral energy curves for platinum, 
palladium, and tantalum were perfectly con¬ 
tinuous and showed no bands of selective 
emission. Thoy resembled generally those of 
a “ black body,” but no modifications of Wion’s 
or Planch’s formulae wero found capable) of 
resembling tlio curves over tho range. Taking 
tlio genornl form of Planck’s equation, 


and determining a mean value of a from tho 
data of a given isothermal curve, MuCJmiloy 
found that the computed emission for palladium 
was in general from 4 to 7 times smaller than 
tho observed value at 6 /i. Tho agreement was 
hotter for shorter wave-lengths and corre¬ 
spondingly worse for longer ones. 

For all three metals tho emission diminishes 
more rapidly than that of a “ black body ” at 
the name temperature in tho infra red. 

Tho wave-length of maximum omission 
shifts mu oh moro slowly towards tho shorter 

1 Tills device for obtaining “ tall radiation " Is 
discussed in detail In § (. 2 - 1 ), 


wave-lengths for increasing temperature than 
for a “ black body,” especially at the higher 
temperatures. Tlio product A,„T increases 
with temperature, and tho constant value for 
platinum found by Litmmer and Pringsheim 
is probably in error. Their value of \ ra T = 2020 
is correct only in the neighbourhood of 
2000° alia. 

§ (24) Melti no -t'oi nts oi.- Rkkhactouy Ei.i:- 
mbnts and Com in) imps.—For melting-paint 
determinations at temperatures exceeding 
loOO 0 C. it is advisable to employ some type 
of pyrometer based on the laws of radiation, 
preferably of the optical typo. 

The measurement of the apparent tempera- 
turo usually presents no diilieulty hut the 
determination of tlio emissive power, and hence 
tho correction of “ apparent ” to true tem¬ 
peratures is a troublesome operation. 

If tho conditions permit of tho material being 
. heated under black body conditions, then tho 
tmo melting-point can ho obtained by direct 
observation. 

Kanolt, for example, determined tho melting- 
point of tho refractory oxides—lime, magnesia, 
alumina, and chromium oxide—by heating in 
a gmphito spiral fiimaoo. Tho material was 
contained in a crucihlo with re-entrant tube, 
and a healing up ourvn taken with a pyrometer 
sighted on the bottom of the re-entrant tube 
(see Kin. !<>)• At the melting-point a halt in 
the limo-lompemturo curve is observed. 

Tho material of the crucibles hud In be 
chosen so as nob to react witli tho charge. 
Gmphito and tungsten crucibles wore found 
satisfactory for the above oxides. 

Sometimes tho matorinl iH so costly tluit 
snflioiont quantity to fill a onidblo cannot lie 
obtained, so tlio direct method cannot ho 
om ployed. 

Mendenhall ami Tngoiunll adapted the 
Nornst glower us a aourco of high tomporatmo 
boat supply for the determination of tlio 
melting-points of rhodium and iridium. A 
polarising typo of pyromoter was used for 
taking tlio tomporaturo of tho Nornst filament 
(ace Fitj. 20), Tho apparatus was calibrated 



from the known values of the melting-points 
of gold, palladium, and platinum. Tho metal 
under test was in the form of a minute globule, 
diameter of tho ordor of O’Ofi mm., which was 
ohsorved by moans of a microscope. By 
oaroful manipulation of the,current through 
tho glowor it was possible to maintain one part 
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molted and the other part solid in the ease of 
moat of tho mchds. 'J'lio method, of course, is 
only applicable lu metals which draw into 
clear metallic heads and which give consistent 
readings for successive melts. 

The metals tungsten, tantalum, and 
molybdenum lining readily oxidisable cannot 
be studied by any of the previously deserihod 
methods. Ilenco the experimental arrange¬ 
ments must ho such that tho electrically 
heated sample gives ap¬ 
proximately “full radia¬ 
tion,” 

Mendenhall accom¬ 
plished this by means of 
a narrow wedge opening 
formed by folding on 
itself a sheet of tho 
nmtoriai lining studied. 

Tho arrangement of tho 
apparatus is shown in 
Fig. 21, whore F is a flat 
conducting ribbon, heated 
by a longitudinal electric 
current, as shown, and 
folded on a line parallel 
to tho length so that 
tho resulting oross-sootion perpendicular to 
tho aurront ilow is a vory narrow V—say 

with about J()° angular opening. If tho 

ribbon is of uniform thickness and width, 
it will bo raised to a uniform temperature by 
a givon currant, except near tho ends. The 
insido of tho V might ho than expected to he 
a uloso approximation to a black body, since 
it has Imt a small opening and uniformly 
heatod walls, and if this were so, observation's 
on it with an optical pyrometer would give 
tho true temperature of tho inside walls. The 
_/riitaido of tho V will give radiation character¬ 
istics of tho material of tho ribbon. 

Tho questions arise: 

(1) ilow closely does tho radiation from tho 
inside of tlio V approximate to that of a 
black body at tlio temperature of (lie insido 
walls 7 

(2) How much real tompomluro difference 
is there between the insido and outside 
surfaces of the wall of the V 7 

Tho first of those two questions is answered 
by considering the building up .of radiation 
within the V opening by multiple reflection. 

Xn Fig. 22 a V opening is formed by bending a 

a._p spconlar rof loe tiny sh oot. 

Points A, .11, 0, 1), 

_ E* and l' 1 aro points 

f q of reflections for a ray 

Fro. 22. which may ho imagined 

as ontoring at 1\ If 
*" material of tlio V is radiating, in conso- 

‘. ' '<>, for any rnngo of 

‘ss of tho point F, 
•msidored as mado 


up of various components: first, that duo to 
tho natural radiation from F; second, Unit 
duo to tho natural radiation from H reflected 
at F; third, that duo to ( lie natural radiation 
from D which is Iwico rollon tod at hi and at 
F, etc. Limiting ourselves to a small wave¬ 
length interval, remembering according to 
Kirchhoft’s law that tlio reflection factor r is 
equal to 1 -<>, and representing by 1/ (ho 
spectral brightness of a black body at the 
temperature of the material of the V, and 
by /)" the corresponding spectral brightness 
of tlio ]w>int F us viewed from (,), we have 

h" —el/ -I- ref/ -|- r-<7/ -|- . , . r n eb' 

—<7/(1 - >•»). 

With a V opening of 10", as suggested by 
Mendenhall, n will ho equal to 1H. Tims with r 
equal to 0'7 (wliieh is roughly the value for tho 
material used originally by Mendenhall) IS'/h is 
found to he W)-H per cent, that is, the radia¬ 
tion from the V cavity may he said to lie l)l)-8 
per cent blade, a satisfactory approach to 
black-body radiation. 

Tho second question relating to the tom- 
pemtura difference between the insido and the 
outside of the V opening was settled by com¬ 
puting the difference in temperature from the 
known dimensions, the electrical input, and 
the thermal conductivity of Mm material. For 
the platinum wedges used, Mendenhall found 
a (Hfforoncc of the order of a few tenths of a 
dogreo. His results on platinum agreed quilo 
well with the previously mentioned results by 
Ilolhoin and Kuillmiim and by Waidner and 
IhirgosH. 

Later Mendenhall mid Forsythe applied 
this method with considerable success to 
tungsten, tantalum, molybdenum, and carbon. 

While Mm V method of obtaining the true 
tomporuluro of the material being investigated 
was theoretically a considerable advance, it 
loft Homo uncertainties. The method de¬ 
manded a uniform temperature over relatively 
largo plane surfaces. Moreover, in certain 
cases, particularly in connection with tungsten, 
trouble was experienced due to the two 
separate sheets, found necessary at that 
timo in making up tlio V, separating so ns 
to leave a gap between Mm two parts. 

Worthing devised another method of effect- 
ing tho same object. Jie employed a hollow 
cylindrical tungsten filament perforated with 
small holes. This was mounted in a largo 
lamp hulh. 

Determinations of tho brightness were 
made by sighting on a hole and on tho adjacent 
surface, The ratio of the hitler brightness 
to tho former when corrected for (I) tho 
difference in temperature between the interior 
and the surface, (2) for tho departure from 
"full radiation” of tlmt from the interior 
duo to the presence) of tlio hole, (3) for tho 
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hide «»f symmetry in the temperature dislribu- 
t-ion ovor ilio filament, gives tho omissivo 
power for the mofcal at that temperature, 

A linon. 1 ' relation was obtained between tho 
emissive power and tlio true tcmpornturo 
over tho rango 900° to 2900° ('. ; Uio values at 
these two temperatures being 0-197 and (MOO 
respectively for \r=(MMMI g, The eoriuspond- 
ing corrections to convert apparent to true 
temperatures aro 38° and 970° O. 

Assuming that tho linear relationship be¬ 
tween emissive power and temperature for 
solid tungsten continues to hold up to tho 
melting-point, this occurs at 33(10° C. 

'I.'ho apparent temperature (for red radiation) 
of the melting-point is 2870° C., and the 
emiusivity O'390. 


ft is advisable to make tho intensities of the 
light from tho lamps and the standard 
approximately ecjual lo facilitate comparisons 
of tho colours. In tho table below are given 
some data by Hyde for commercial tungsten 
lamps in winch the true temperature, tho 
colour temperature, and tho apparent or 
brightness temperature aro compared with 
the billions per watt. It might ho remarked 
that tho temperature scale is based upon tho 
melting-point of gold at 10(13° 0., and the 
value 14350 for r a in Wien’s c<| nation. This 
gives tho value 1555 for the melting-point 
of palladium, whereas tho value obtained by 
Day and Host mm was 1550° (!. The differ- 
enco, however, is practically within tho limit 
allowed for experimental error. 


NlJ.MMAHV Oil- DkTHHMINATION Ob’ MlXTlNO-l'OINTS OK TUNUSTKN AND TaHTAI.UM 






A verngc 

Observer. 

Dale. 

Method. 

Vuluo, ° 0. 

Deviation 





Mean, ° (!. 



Melting-point of Tungsten 



Wnidnor and 1 largess 

11107 

Extrapolation 

3080 

28 

Dimni .... 

11)10 


32 i >0 


ItitlV .... 

11107 

(lari ion t-iilm funinao 

2000 

33 

Wurleuhcrg 

lino 

Apparent tempera turn and roll eating power 

21)30 

30 



' 

Vaetunn fiirimim 

21)70 

27 

li'uroylhe . 

nni 


Wedge motluxl 

21170 

. . 




Apparent temperature and wedge 

3030 

.. 

Langmuir . 

iiiifi 

Aro iiicllind 

3270 

30 

Worthing . 

1010 

Hollow illnim-nl method 

3300 




Melting-/mint of Tantalum 



Wulilner and 11 urges') 

1007 

Extrapolation 

21100 

. . 

l.’imni . . . J 

lino 

nni 

Apparent tom|>oralure mid ro (looting power 

3000 

2701) 

, # 

Forsythe . 

1011 

Wedgo method 

2801) 

■ • 


§ (25) Ooi.oim MAToir Mkthod ok hktj:u- 
mini.no Frr.AMKNT Tnmpkhatuuks.—A method 
of ostimntiiig the temperature of lump filaments 
which hast oome into extensive uso in recent 
years is that bused on colour mulching, Ey 
the colour tcnnporatimj is meant the tempera- 
tui.’o of a full radiator wiion its radiation 
matches in colour tho radiation from the 
inonndoHoonfc metal. Tho relation hetweon 
colonr toinperaturo and true tnmpnmturo for 
tungsten bus been determined by Hyde, 
Oudy, and Forsythe, so that it is now possible 
lo ustimuto tho temperature of the filament 
of a lungstcu lamp 1»y matching its colour 
against that of a standard whoso temperature 
Eh known. 

In practice tlio comparison standard is not 
n M EiUiuk body ” but a combination of a 
vacuum lamp with a filter. Thin lamp is 
run at different voltages to give tlio desired 
onlour for matching. Tlio lamp iilaments to 
ho tested nro cmn]iarnd by moans of Lumincr- 
Hrodlum photometer head with tlio starulard. 


Mcliing-jmiiil of Tung.tle.n-“l\ 61 li 0 I\. 







mill Hull 1 Alia 

u'lillinm. 

lirlKlitiax* 

True 


TcmiH'raliire. 

'rom^Hmtm. 





Tomiumtiiri'. 




u K. 

Walt. 

1000 

1701 

17hl 

0.78 

iono 

1758 

1775 

l-Ot 

1700 

181(1 

1837 

M0 

J 750 

1874 

1808 

l«l 

1800 

11)32 

11)00 

2'3l 

18/50 

11)111) 

2021 

2-111) 

11)00 

2040 

2082 

3r»o 

1050 

2108 

2141 

4'35 

2000 

2107 

2205 

fi'2() 

2050 

2227 

2200 

0-30 

2100 

2287 

2327 

715 

2150 

2347 

2380 

«• 09 


Almvn (able based on tlio following constants : 
Melting-point of gold, 1330'’ K. 
Melting-point of palladlnin, 1828” K, 

These result in Wien’s constant c» being cuunl to 
14350 n >: deg. 
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§ (!2U) 'I’KMI’KIiATHKI'] iMKASI/IIBMKNT IN 

Twins of Totai. Intiiinhio IJku.ma.vov. Aii 
enipirionl niethnd of eatiinafing lempomtiirnH 
wfiioli in oi.’iiiiaionally used in e.umeidion with 
light Hoiiiwa, Hunh as iiieuinleHmif lump 
liltimeiiin, ia orio developed hy llaaeli. 

JIo proponed the J('lafinii!ilii|) 

log .It™ - ^ | li 

fuj* oonmuslmg Mm tom pa inline' T (aim.) nf 
a “ hhiok Imdy ” anil iln total iiilriiiniii 
JirilJtnitoy II. 

It will Im observed that thin equation in 
merely WinnV law, in which motinoliroiimlie 
light ia replaced hy (ho tnlal radiation visible 
to tlio normal oyo. 

Thin, n[ coiiiho, in a nomewlmt ipicalioiiahln 
assumption, hut hoiiio miji|ii>rl. in given to it 
hy (ho fmit that ( Vova Iiiih hIhiwii Hint, for all 
ordinary light mmmm giving a eonlimimin 
Hjiootnim, them in nno wave-length for wliieh 
tlio inonoohromalio intemiity in propurtiiinal 
to tlio Infill intensify, Thin wiivo-leilgth in 
alioiit O’fiH ft. 

Ill oihIim 1 to (eat Kniioh’n ei|iliitinii it in 
lM.'i!(!HH«ry In moiiHiiro the iiifiinnie hrilliiuiny 
of a 11 hlanlt holly,” /.«. tlio <mu«llo-]>u\vi*t* per 
«(. mm. K ia a tlillioulf matter to do thin 
Willi nullleieiit aooiiiiiny on the itniiul type of 
uniform (oinperatme oiiolcmiirn form of “ hlaok 
hnily,” ami tlio following imlireet niotliod 
wiih mhiptnil hy Normit. 

Norimt lump liliinumlH were iiionnnsoil, and 
tlio rolnflon Inifworn I ho wiifln o\ pend ml mid 
Um niimflo-|iower olitninod wan nliaorveil in 
(lie iiHiial miinner hy |iliotoinefri(< niemmro- 
ineulH. _ 

“ H °k "I 1 hi find I- of n 

3B ^v%iiik Imily” fmniiee, and at a aerien of 
Htciuly ((Uiijiiiratiireii (lie liliimnnt wiih brought 
In a (oinpornhiro when if iliiiiippeiiroil aguiunl 
the liiiekgmund, i.r. emitted (lie miine inlnmiity 
of light, 

I'Voru Um walla expended in Mm liliiiiienf 
tlio iiifrimiin lirilliniiey of (ho iihiment, and 
lielion Unit of Um f n inn on, wan nhlnlimd. 

The notiiiil (ernpnratiiron of tlio fiinmon 
were ohtniimd hy liuumii of a Wanner pyro¬ 
meter Ntnnilimlinod hy the nieHing-pniiit of 
gold (10(11" (!.), and iiHHimilug « a in Wion'ii 
equation In he MINK), 

IliiHoli'n iiipm(|on wuh veil lied withi’.i III" 
over the Uimpernlimt range from MOO" In 
my' (!., nml from (ho experimentii tho 
(ionstmi(n nf the et|imlion were nlifainod : 

112110 

Vi-:H17 -log in K> 

«’liere K in the iiilriusin brilliancy in liefimr 
cmndlcH per nt|. nun, 

TliIn eijunfioti requires a eurriiotion fiielor 
if employed for Inking Um temperature of 
imrfoeea whiuli mt* not fid! radial urn. 


, i’V h,,:i ,m 

Ot 11 1 ninf Ofil for light of \ O'fill 

llem e, if II ia the inlrmnie hrillhmey of a 
fiingalen hlnmeiil, and K that of a “black 

hody at the Maine (rim lempemtnn.. .„ 

li <)•.»I lx. 

It m:m;N( i:;i to Ij'i'iihathui: 

Imw, of Itmtialian nml I loir lijrprrimuhtl Itm, fs 
U’len. Ann. ,lrr I'/iiisi/:, |n«ll! |y||| nil" 

Aim. V, 11111:1. ' 1 '' WrWnriMfi, 

iv l{.il.em. ami Knrllmim., ,l„„. ,/ (7 /y w ., | (ml> 

I'tanrli, .1/iM. ihr Hw„ hum, j. mi ... 

I henry in ll.-at liudlr.dni,," hae i. MaViun ' 1 

mini, x.-li); hiiin v| 

JS;:ri;;as?ss:5«i 

Aiende'dmU mid .yllie ,h,iy u-ll 

'iiiii,:, ,h \ 1 i 1,11 r ">^ n.» ' 

l liuirk a Ki|iiull<ai," n„ll. fair. St, hi. \|V. ;m;j. 1 f 11 
I'lirniitilrr/t 

(I) l)lMii|.|irailii,( Kiliiia.iiii,Tyjm 
^Holl.nrn and Uurll.iiiii.i, ,| M „. p IWJ3t ^ 


1'ilt'lT 


^ Waiilner ait'l lliinte.ri, llitr. Shtu ,, ( 

Mlsx'/ilI** S|U ‘ "'' 1 1 'ynunel< e," */„, /, 

iMi'lldi'lilmil, ''S|ieeliTi'iro|i|e Oveiil.Tit mul n,,i,, t 
Ini; sreior." /•/,.»*, mil, xxxiu'. yV Blul 

11,1,1 an, .loom, r/ mivK . . ( 

r ''VloiUolor ml„|,U-d 

III e Wide Itiinm; oi l.iiliiuiilory hi.. 

•I mini.. Inin, N dll. :!ll;i; " I'ndUim ef Jin (id in it 
M rrler." Hr., Astro/,/,,/,,. Ill ir., xlll. IllKt; 

" l''.ye|ilei'e and l)iii|ilirii!(iim (or aie In ili'iermltiiim 
1-1111111 f'llnnienl ‘l'eiii|>iiiiliiiiH," />l f / v , g,, ( . |.|U 

Iv. in:i; lllidi Ti'iniiernliiiii MiTih'immienM will! 
tin' ti|illral I'vuimeler," tin,. AV.v, Iti'r., mi?, 
I'- V ie; " CiillliiaMiin of mi i ijii leal I'ynuni ler,'' 
Clirmirul nml Miltillm/iiatt Hint illation, inun, x\||, 

", Theory nml Aeemnry In diillnil I'yromrtiy 
Willi I'aillelllal’ Itel'eieine In tie- HirtililliiiirlllH- 
I'Mmiieel Ty|ie," Tiitnu. I'liiitilitu Surittii, llllll, 

Symi'i'ihiiu on I'yriimeliy, Imtit, Mining 
mul Mrhillurtiiritl Hintiioirn, MU!ii. 

I,ei'il:i and i\oithrii|ir<t., Tim i)|itlial I'yrmniit«-r." 

• ‘alaluiUle No. MU, A, HUH. |i||\yn u eeo«'l.-«' 
iii'i'.ilint ef I henry nml line of I In- dlMii|i|irarlng 11 It - 
ilimit' I >’|h».| 

Oieiti, lii'lni'lrial A|ijillratleim nf 1)|Ka|i|ii'nilng- 
I'lliinii'nl UMlnd I’.vreineter," KyminiHlniii mi 
I’yromelry, .Iwmt. Instil. Minim/ ,tint Mrlnlhirninil 
h'nuuiiTi'H, m::o. 

Ilnrgei' i, " 'I ' lui'i i'iilnie .MneiitrmiieiilH ill Hi'shi'iiht 
and (tin-li-lli-nrHl I'laell'V," ll«r, Si' i., l'lil-rr 
No. 21*11; .Intuit. I'rmik. hnl., May HU7. 

00 I'olurMiiu T,V|"’ 

W’aiiner, Hunt. ».. mini |, i; liny, 111. U2. 

Kdidg, .laa., iMiM.llll. VMf*. 

Nermil. and SVm tmit'ern, llnitnii. /%j. t/m 100(1, 
vllt. IH, Mil. 

Ilililotirilinl, y.vUs, f. lilniUH'lirmir, limn, xlv, met. 

Urllllllis and MrliolleM, " I’yrnintter Mlinatarillmi- 
I Ion, 1 " I'.vreuu-teni mid r.vreiindry, ‘irttiti, t'ltnirky 
StH'hlt/, 11117, 
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OiihuiMim of “ Kffetlhr. " IVare-leniilh 

Leeds a in i j\orthrup l‘o., “Tin* Optical Pyrometer." 

IlVtUi, l-ady, mill KorsyMic, " Hlfeetlvo Whvii- 
length of Trunsiniasiim of Red Mass," Aslronhiis 
Joum., x)il. 2i)l. 

Ii'oofo, “ Cuntro of (iravity,” unci “ KfTeetlvc 
Wave-length of Transmission of Pyrometer Colour 
Scremia, and the .Kxtngxdntion of tin; IIiyli Tempera* 
I'liro Scale,** Jhir. Shin. Sci., 101(5, Pnpor No. 20(1. 

Jimissiifitiea and Corrections to " Apparent '* 
Temperature, 

Mirgess and Poo to, Hull. Uur. Shin., 1015, p. 83. 

Hfculihs njul Pridonnx, /'me, Hop. Sue., 1012, 
IxxxvJi. 451. 

Stubbs, True. lion. Sue,, 1010, Ixxxvlll. 105. 

MiKJnuloy, Astrophiis. Joum., 1013, xxxvil. 101. 
j Walilnor mid llurgcss, Hall. Ilur. S'Ms., 1001-5, 

Itigh Temperature Melting-points 

Kmiolt, 1lull. Uur. Side., H)W, p. 205. 

Mendenhall mid Ingersnll, Thun. See., 1007, xxv. 1. 

Worthing, Joum. Frmd-1. hint., 1010, dxxxl. .117. 

LucJtoy, Flips. Her., 1017, lx. 120. 

Temperature Measurement in Terms of Intrinsic 
JtrillUnwu and of Colour 

Resell, Ann, il. Thus., 1001, xlv. 103. 

Hydo, (.'inly, and RorsyUie, " Relation between 
Hrlglitiioss * Tcnipomturo and ‘ Colour' Teniiiorntiirn 
for fl'migHtoii,” Thus, lien., (let. 1017, x. 

Hyde, ” A Teinperntnro Seale adopted by the 
O.U.13. uml the Radiating Properties of Tungsten 
with Reference to Mils Seale," (Jen. likctric, Ikticw, 
1017, xxll. 10, 810. 


PYROMETRY, TOTAL RAPT AIT OR 

§ (1) Tun “ PouuTii-powKit ” Law ok Radia¬ 
tion.— At temperatures exceeding 11)00° O, tho 
pmetical (lilliciiltira encountered in (ho mho of 
therinnolomcntN, lOHiutnnco thormoinotors, and 
gas thorniomotors am very oonsidomblo, oven 
uiidoi* tho favourable conditions prevailing in 
tho laboratory. Fm* indnstnu! work tho 
diDioiiltio.H aro vastly greater and other methods 
liavo to bo resorted to, such as those based on 
tho laws id radiation. With pyrometers of 
tho radiation typo it is not necessary to 
subject any portion of tho instrument to tho 
tcnipomturo of tho furnace, anil Micro is no 
iililior limit to tho temperature which can ho 
measured. 

§ ( 2 ) Tiik Htukan - Hoi.t/mann Law.—T ho 
earliest suggestion of a simple relation oon- 
nooling tho radiation from a surface and its 
temporatim) was that of Stefan in 1879, who 
obtained empirically tho relationship between 
total radiation and temperature now goncrally 
known as tho “ fourth-)lower law.” 

In 1884 ] In I tsunami gnvo a theoretical proof 
of tho fourth-power law based on tlicrmo- 
liyuaniio principles and Maxwell’s olootro- 
nmgnotio theory of light. Ho pointed out that 
tho law was only valid for nil “ideal black 
body.” 

The radiation omitted by such a body would 
possess a character independent of tho pro¬ 
perties of any particular substanco and would 
be icloniienl with the radiation within a uni¬ 
formly heated enclosure. This conception of 


a perfect black surface and its practical 
realisation, by means of an enclosure at a 
uniform temperature, is due to Kirch ho If. 1 

He demonstrated conclusively Mint tho 
radiation issuing from a small hole in a uni¬ 
formly heated enclosure would bo “full 
radiation ” for that temperature, such ns 
wnulil be omitted by an ideal black body. 

Tho simplicity of tho law and tho fact that 
most industrial furnaces, otc., arc fair approxi¬ 
mations to uniform temperature enclosures 
have bcon factors of immense sorvico in the 
development of high-tompomture pyroniotry. 

Tho formal statement of the Stefan-Bolt/.- 
mannWis S = , {0 * . ^ 

whore S is tho energy per sq. cm. per see., 

a a numerical constant tho experimental 
vahtoof which is 1-36 x lO -13 gin. cals, 
por sec. por cm. 3 , 

0 tho absolute temperature of Llio surface, 
0 0 the absolute temperaturo of tho sur¬ 
roundings receiving tho radiation. 

It will bo observed that as a method of 
defining absoluto temporal nro the law is inde¬ 
pendent of the specific properties of any 
particular substance ; tho ideal blaolc body 
in Ibis respect playing the Bamo lblo as that 
of a perfect gas in tho definition of tho gas 
scale. 

A comparison at nno temperature above 
zero with the gas sunlo would suffice to deter¬ 
mine a and hence connect llio two scales. 

Since, however, Holtzmmm’s demonstration 
involves an imaginary thermodynamic cycle 
with radiation as working fluid, it is necessary 
to confirm tho theoretical deduction by experi¬ 
mental observations over an extended tem¬ 
perature range. Shortly after its formulation 
tho law was submitted to test by various 
investigators; tho most comprehensive sorics 
of experiments were carried out by J,nminor• 
and Rnngahcitn, who investigated tho radiation 
from a “ black body ” enclosure over tho tem¬ 
perature rungo 100° to 1800° 0. 

§ {:)) Lummbr and I'iunoshmim's Exdhut- 
Mbnts.—F or the nionsuromont of tho radia¬ 
tion tho authors omployed a modified form of 
Langley bolometer—tui instrument depending 
on tiio ehango of electrical resistance of 
platinum witli temperature. Dotnils of the 
instrument aro given later. 

(i.) The. Apjmraliui .—Tho general disposition 
of tho apparatus is shown in Fig. 1. 

A was a hollow vessel containing boiling 
water. This source of radiation wns used as 
a standard of reference for calibrating the 
bolometer from timo to lime, sineo only by 
this means could tho variations produced by 

1 Klreliholf defines a “ black body " ns ono which 
1ms the property of allowing all Incident rays to 
outer without surface reflection and not allowing 
them to leave again. Hoc " Theory of I [cal Radia¬ 
tion" (I'Jnuok; trnns. by Muslim). 
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changes in tho battery current and galvano¬ 
meter sensibility lie eliminated. 

The mdintiou could he cut oil' from tho 
bolometer by means of n water-cooled Mhntter. 

The “ black body ” C was employed for tho 
range of temperature from 200” to 000 ” CJ. 
It consisted of a hollow sphere of copper 
blackened inside with 
platinum btnok and 
contained in a hath 
of well-stirred molten 




Till. J.—Diagram of Apparatus for 
tlm ituimo ”tin" to i«H)° c. 

A. vessel witli bulling water; U, bolometer; (', 
moltru salt bath around the hollow sphere (black 
body enclosure). 


suit. Thin salt bath could bo maintained at 
any desired tom pom tore by regulating the 
flame. The temperature was measured hy 
moans of a high-rango mercury thermometer 
and a thermoelement. 

Tho prnciednro in carrying out the observa¬ 
tions was as follows : 

Tho hath was heated up to tho desired 
tompomturo and maintained steady; then 
tho wator-ermlcd shutter was raised to allow 
radiation to fall on the receiving face of the 
bolometor. When the galvanometer deflection 
had attained its maximum value the shutter 
was lowered and galvanometer zero redeter¬ 
mined ; if it differed slightly from the previous 
values tho mean was taken. 

For higher temperatures, fronndOO 0 to 1300° 
J5K tho cnnslrnetion of the “ lilaek body ” is 
shown in Fig. 2. I) was an iron cylinder 
(cioated inside with platinum black) enclosed 
in a doublo-wulled gas innflle. Tbe tompera- 


B 

3) 



i—i—r 


Tui. 2 ,—Diagram showing (.’oiiHlruetlou of 

" Hindi llmly," for tlio .1 tango (I0IMI" to 1300" 0. 

T)| Iren eyliiultir. *' hlueU Iwnly ” enetosiire; T, 
porcelain tuba carrying t hermoelement; li, bolometer. 

turo of tho interior of the iron cylinder 
was obtained hy a thermoelement oneloscd 
in a porcelain tube T passing through the 
furnace. 

(ii.) The, Udometer .—Essentially this is -a 
Wheatstone’s bridge, the four arms of which 
consist of grids of thin platinum foil similar in 
all respects, Tho inothod of connecting up tho | 


grills is shown in Fig. II. (irids I mu I II are in 
the opposite arms of the bridge, and the 
strips of ii are sot to receive tin; radiation 
passing through tho gaps of l. Tho cither two 
grids, 2 and 4, are similarly disposed, hut 
shielded from radiation hy a box. 

To prevent wandering of (he. gnlvnnomoler 
zero. Urn disposition must 
bo as symmetrical as 
possible, and the whole 
instrument enclosed in a 
well-lagged box: provided 
with diaphragms to cut 
down (lie radiation falling 
on the absorbing surface 
to a parallel beam of about 
1 ii nun. in dimnoler. 

Tho grids am nf foil from 
one to two thousandths of 
a millimetre thick and with 
a resistance of about (10 
ohms each. 

Theoretically (ho quantity of radiation 
received per unit time, for a given difference 
of temperature by unit area, at a distance r 
from a point 
souroo, varies 
inversely as r' J . 
hummer and 
Pringslu'ini ascer¬ 
tained Unit their 
experimental ar¬ 
rangements com¬ 
plied with this 
theoretical con¬ 
dition, hy taking 
observations at 
varying distances 
b e t iv e o n t ii o 
" black body ” 
and bolometer. 

It was found that tho galvanometer dofleolions 
varied inversely as the square of tin* distance, 
Since tiie quantity of radiation received 
varied as (lie difference of (he fourth powers 
of tho absolute toniperatures of (lie radiator 
and receiver, it was necessary to vary tlm 
sensitivity of the la dome ter in order to keep 
the galvanometer dotlooliuhs within measur¬ 
able limits. Two means of effecting thin were 
employed; (1) variation of (he sensitivity of 
the Wheatstone bridge hy changing the buttery 
current; (2) alteration of the distance between 
the “ hlnek body " and the bolometer. 

(iii.) The Ohwrvations. - Tim observations 
were all reduced to n common unit (arbitrary), 
based on tho radiation from the” blank body" 
ut 100 ° 0. at a standard distance of (bill mm, 

If d was the..deviation of tlm iicmillo for 
“ hlnek body ” at absolute temperature 0 , mid 
k a constant, tho mean value of which lor their 
instrument was 123-8 x 10-*°, then 

rf=*(0i_2OO*), 
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wlioi'o 290” wan tho absolute tempcraturo of law to 1150° C. to the same order of accuracy 
Dio water-cooled shutter (/.e. 17° C.). as tho gas scale whs known at thill, time. 

In Table I. the. experimental observations are § (4) koiiimi-row hr Law hktwrk.v 10(53° 0. 
flmu pared with values calculated from the and 1640° C.—In nil investigation, whose 
fourth-power law. Tho calculated temperatures primary object was the comparison of the 
are obtained by taking the mean value of “optical scale,’’ based on Wien’s distribution 

law, and the “ total radia¬ 
tion ” scale, based cm tho 
fourth-power law, Men¬ 
denhall mid Foray tho 
cheeked the Stefan-Boltz¬ 
mann law at tho two tem¬ 
peratures lfl(i3° 0. and 
15411° 0. These ternpom- 
tines arc the melting- 
points of gold and 
palladium respectively ns 
determined by Day and 
Bosnian. 

The comparison was 
effected in an indirect 
manner. Tho melting- 
points of gold and pal¬ 
ladium wore observed in 
terms of the scale of a 
certain optical pyrometer 
under “ black body ” con¬ 
ditions. The temperature 
of a carbon tube furnace 
Hotweon 100 ° 0. and 1000 ° ('. the deviations could then lie maintained at these two Lem- 
of tho calculated from tile observed tempera- poru lures by ohsorvatioiiH with the optical 
turoM are small, of tho order of 3", and exhibit pyrometer, which merely served as a transfer 
no ayatematic variation. .Between 1000° <!. instrument. The apparatus for verifying the 
and 13(1(1° O. tho discrepancies are groaler, and fourth-power law is shown in Fiff. 4, 

Die observed values arc systematically larger Tho “ black body ” iH (ho graphite tube T, 
than the on Undated. It should lie remembered, 30 cm. long, .14 mm. inside tliain., and 3 mm. 
however, that their tompomture scale is bused wall thickness. A graphite diaphragm f! is 
on tin* gns thermomntor work of Molborn and placed l om. from tho centre, the left-hand 
Day, and this oxtondod to 11/30° 0. only, segmont being used as “black body.” Thu 
Boytmd this point the values are based on coaxial tubes H and lx arc merely lo reduce 
extrapolation of tho M.M.F. tempomturo curves tho heat loss by radiation, oto. 
of thermocouples, a procoduro which 1ms since Tho apparatus wns water-cooled ; the total 
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9'e m pur a tore 
(“alls. C.) 

Of llliuik Hotly. 

lie (lection 
(Iteduced). 

/„•:< 10*®. 

^i-nlc. 

^olis. - ^c«le. 

373-1 

153 

127 

37-1-9 

- 1-5 

492-5 

5118 

124 

492 0 

-I- 0-5 

723 

3.320 

124-8 

72-1-3 

- 1-3 

7-15 

3.810 

12(5-9 

749-1 

- 4-1 

*789 

4,-MO 

(115-7) 

778-0 

-1110 

3IO 

5,150 

121-5 

805-5 

-I- 3-5 

858 

(1,910 

123-8 

857-1 

-I- (HI 

+ 1092 

19.4(10 

(115-11) 

1074 

+ 18 

’'1112 

17,700 

(119'3) 

1095 

4 17 

1378 

44,700 

12-1-2 

13711 

- I 

1470 

57,-100 

123-1 

1458 

4- 2 

1497 

50,(100 

120-9 

1488 

4- 0 

1 filtO 

57,800 

122-3 

1531 

-I- 4 


• Jicho experiments wine cnrrieil out with tho gun furimeo at tempera turca 
overlapping those obtained with the suit hath. Tim la rim discrepancies arc 
one tn lack oi uniformity of tcmperufiireH with a small I la me, It, will Ini 
seep that the observation at 7K'.)'‘ C. is eliminated by nliservatIons I, «, and 7 
with tl»c nitrate hath. 



no. 4. 


boon «limm to lead to erroneous results. U]) radiation thormnpilo l 1 being protected from 
to 1100° 0. it is probable that the tcmpcraturo stray radiation liy water-cooled diaphragms, 
soalo of Day and Holhom is reliable to about 3°, while a movable water-cooled shutter Q, coii- 
<J«)ns«quonl;lyLummoramlPringshohn’soxpori- laincd the limiting aperture. The geometry 
nionta establish tho validity of tho fourth -power of tho apparatus was so arranged that radio,- 
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turn from the graphite diaphragm G alone 
entered tlw thermopile. A motor M, movable 
by means of a rod V, carried a Hector S of 
definite aperture on its shaft. By a move¬ 
ment of the rod the motor could bo swung 
up and the rotating sector placed in front 
of the thermopile so that the radiation from 
the furnaco was reduced in a known ratio, 
depending on the clear aperture of the sector. 

The thermopile consisted of ft single Bi-Sb 
and Sb-Cd alloys couple, the “ hot” junction 
being soldered to a very light receiving disc 
of silver foil 3 mm. in diameter, a similar 
disc being nttnehed to each cold junction, 
where the alloys joined copper leads. The 
silver (lists “ hot ” junction was blackened with 
acetylene smoke and mounted at the centre of a 
hemispherical concave mirror, so as to make tho 
absorption as porfoct ns possible. The thermo¬ 
couple was directly connected with a low-resist¬ 
ance galvanometer, a resistance box being 
connected in series to control tho sensibility. 

Special attention was given to tho elimination 
of any possible error due to absorption of radia¬ 
tion by the gases inside the furnace. With a 
hot ohjeot, such ns graphite, it is impossible to 
obtain a perfeot vacuum, and fluctuations of 
pressure would have had a serious influence 
on tho sensibility of tho thermopile. 

.During tho observations n steady pressure 
(from f> to lfi mm. of mercury) was main¬ 
tained in tho apparatus by controlling a valve 
governing tho nitrogen supply ; tho pressuro 
oould ho maintained constant within 0-2 mm. 
by careful regulation ; a Flucss and Onodc 
pump steadily exhausting at the other end. 

To ascertain whothor tho residual gas oxortod 
appreciable absorption on tho radiation, 
samples wore drawn off from lime to tiino to 
•—af sido lubo and tho deflections of an auxiliary 
tliormopilo read with and without tho gas, 
employing a Nornsfc filament as radiator ; tho 
authors claim that thoy could detect such 
offset if it amounted to ,‘ 0 - per cent. 

§ (f>) Thkorv oir 'fllH Skotohbi) Disci.— The 
object of ft sentorod disc is to cut down the 
radiation by n definite fraction so that tho 
mime galvanometer dollootlon is obtained for 
two different temperatures of the radiator or 
“ blaolc body.” 

Suppose tho deflection x is obtained when 
radiation from an object at ahsoluto tompora- 
turo T, is rncoivod through a clear aporturo 
flcotor, and tho samo deflcotiou obtained for 
temperature T s with a rotating sector having 
transmission ratio R (whore R' 1). Thon, if 
A denote the area of tho disc, 

rr-M'iy for tho first condition, 
and gss&UATg' 1 for tho second condition. 

»(i „ -I’i , 

'hie to bring 


tho two deflections to absolutely the sumo 
value, consequently it was assumed that tho 
deflections were proportional to Uio total 
energy in the two cases. 

The aperturo in the sector was out in tho 
ratio [1330/1822] 4 , whoro 133IJ is the melting- 
point of gold and 1822 tho melting-point of 
palladium, in absolute temperatures. 

Consequently, tho ratio of tho galvmmmotor 
doflootions at these two temperatures, if tho 
fourth-power law was obeyed, should bn unity. 
From twelve comparisons the observed menu 
vftluo was 1-001. Tho maximum value of tho 
ratio found was 1-007 and tho minimum 0-01)8, 
A few typical observations are shown in Tabloll, 


Taiu.i: II 


Deflection 
at 10(I8 U (!. 

Deflection at 

1510" (!., wll-ll 
Sectored Aperture. 

1 Itntlo 

Column 2 

1 to Column 1 

20-28 

20-88 

J -01)2 

20-08 

20-17 

! -008 

20-:i:i 

21)-82 

l -1)00 

28-20 

28-27 

0-000 

28-27 

28-25 

0-0011 


Mean . 

. . 1-001 


This indicates an agreement well within tho 
possililo limits of experimental error of 4()-fi 
percent at each of tho two (ompnraturoH. 

All tho experimental evidoneo available 
supports tho conclusion that the Stefan- 
Boltzmann law is valid over the entire lom- 
peraluro range eovored hy tho gus thermo- 
motor. It may Ihoroforo lie employed with 
oonlldoneo, in view of its plausible theoretical 
foundation, as tho basis of methods for tho 
evaluation of high temperatures. 

I. Totai, Ram ation Pyiiomkti-uis 

I’yrometors based on tho fourth-power law . 
for tho measurement of high temperatures tiro 
merely thermopiles so arranged Hint 1.1m instru¬ 
ments are (1) direct reading, (2) robust, (II) 
quick in notion, and (4) designed to render tho 
readings independent of tho distaneo between 
pyrometer and hot body, within certain limits. 

§ (0) FJciiy'h Thmchooim; Pvuom KTKii,-- l‘Yuy 
appears to have boon tho first to evolve a 
practical form of pyrometer based on flic 
Stofftn-Boltzinaim law, and oapablo of measur¬ 
ing temperatures between I5U0 0 ( !. and 1500° (,!. 

In the early types the instrument consisted 
of a telescope having a minute thorinnaoupln r 
ooimeotod to a sensitive portable galvanometer. 
Tho hot junction and tho source of radiation 
wore brought to tho con jugate foci of tho tons 
by focussing in tho usual manner. 

Tho difficulty with this type was tho lens, 
which had to ho transparent for both tho 
visible and the infra-red. 


'I'.l-WT i 
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Rliiorite was found satisfactory for tempora- 
tui'CH above 000° Ci, since it possesses n nearly 
constant coelliciont of absorption throughout 
tho fcpeetrnm. Tho indications of the instru¬ 
ment, however, did not follow tho fourth-power 
law owing to tho fact that fluorite has an 
absorption in tho infra-red at almut 
P f*> and is not transparent for wave- 
lengths greater than 10 fx. 

bVu - industrial work 
fluorito was too costly, 
ho glass was employed 
and the instrument 
calibrated empirically 
over the working range. 

Tho ordinary varieties 
of glass are opaque for 
wave . lengths greater 
than 2 /t. 

§ (7) li’feiiY's Mtuuou 
PvitORIHTISU. — TllCRO 
diff ioulties wore 
avoided by tho use of 
a concave mirror to 
col loot tlio radiation. 

/•'i’j/. 5 ropresents a modern typo 
of instrument. Tho mirror 0 is 
capable of being racked backwards 
and forwards to focus the radiation on tho 
thermocouple receiver at N, in front of which 
is a limiting diaphragm, Tho cold junctions 
of tho couple aro shielded from radiation hy 
a tongue and a box M surrounding both the 



To nnablo the observer to focus tho radia¬ 
tion Hcmimtoly on to tho hot junction, E6iy 
omploys an i agon ions device. Two semi¬ 
circular mirrors, inclined to one another at an 
angle of fi° to 10°, are mounted in tho thermo¬ 
couple? box, an opening of about 1-5 mm. at 
tho centvo of tho mirrors forming tho limiting 


diaphragm immediately in front of tho 
couple. Then, unless the image of a straight 
lino viewed through E is exactly in tho same 
piano us tho two inclined mirrors, it will 
appear broken at the plane of intersection 
of these mirrors. Fig. (> ill list rales the paths 


Out of focus Imago shown on exaggerated seal a 

Ida. 0 . 

of tho rays producing tho distorted images. 
Tho observer moves Uio concave mirror 
until the relative displacement of the two 
halves of the image diHiip|>eura; mi operation 
within the capacity of a workman. 

In tho earlier forms of this instrument the? 
concave mirror (.! was of glass silvered on the 
hack. Sineo glass is a very good reflector 
of tho infm-red, tho heat rays wore? rollootcd 
in part from the front nir-glo&s surface and 
in part from the hack glnss-silvor surface. 
Tho two groups of rays won? brought to 
tho same focal point hy making the radii of 
curvature of the two surfaces slightly different. 
If, however, tho thickness of the glass is small, 
1 to 2 inin., the Ramo radius of curvature 
can be used for tho two surfaces without 
approoifthlo error. 

Later instruments have a glass mirror with 
a gold doposit on tho front surface, others 
gold or nickel on copper. 

(i.) Independence of Distance. —So. long as 
tho hot object formed by the concave mirror 
is Biiflleiontly large to overlap the limiting 
diaphragm immediately in front of the 
sensitive thermoelement, then it is tho in¬ 
tensity of tho heat imago and not the total 
heat reflected that is measured hy the instru¬ 
ment. Now it eun he easily shown that 
theoretically at least this intensity is in¬ 
dependent of the distance? from tho hot object. 
If, for example, tho distnneo lxitween tho 
instrument and tho hot objeot is doubled, 
thon tho total amount of heat received by 
tho concave mirror iH reduced to one-fourth, 
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but the urea which the imago covers is 
siimiltuncously reduced to one - fourth, so 
Unit (lie actual heat intensity of the imago 
remains constant. 

(ii.) Helution between Size of Object and the 
Distance for the Fen/ Type of Pyrometer. —It 
is a simple matter to calculate the minimum 
size of object required by tho geometry of 
the Fcry optical system. 

Tho relation between tho size of object 
mid image formed by a concave mirror is 
0=I(»//-1), where 0 is tho diameter of tho 
object, I. that of tho image, n tho distance from 
tho object to tile mirror,/the focal length. 

For tho ordinary type of Fery pyrometer 
the aporturo in tho diaphragm in front of the 
receiving diso is about 1-5 mm. diumotor, / 
tho focal length about 7'(1 cm. 

Tho tablo below, duo to Burgess and Foote, 
gives the size of source for various distances, 
assuming tho above data. 


Table III 


m (dm.). 

Diumotor .Soureo (Cm.). 

70 

1-2 

80 

14 

100 

1-8 

100 

ill 

200 

4-2 

1)00 

0-3 

COO 

10-7 


§ (8) F/lllY “ Sl'IHAL ” Pyromkthr.—T ho 
construction of this instrument rosombles that 
of tiio thermoelectric typo, except that tho 
couple is replaced by* a bimetallic spring 
spiral (Fig. 7) carrying an aluminium pointer 



differential expansion and uncoiling of tho 
•spring when radiation is nonoontrateil upon it. 
Jn some of the instruments tho spring is 
fciimotallic, tho thermal expansion coefficient 
of tho intermediate metal being itself inter¬ 
mediate to that of tho two outer metals. Thus, 
gold, platinum, and invar have been employed. 


The spiral is similar to that used in the motallio 
tliormomoter of Broguot. A strip <)• 02 nun. 
thick and 2 mm. wide is coiled by several 
turns into a spiral 2 mm, in diameter. Tho 
centre of tho spiral is connected by a shank to 
a small disc, and on this diso is usually mounted 
tho pointer. (In Fig. 7 a slightly different 
mounting is shown. Tho shank is fixed amt 
tho pointer is mounted at the other end of 
tho spiral.) Usually a mirror in placed 
bohind the spiral so that tho radiation which 
passes through and between tho turns of tho 
spiral is reflected hack upon it. 

It is of interest to consider tho method of 
spacing of tho temperature scale engraved 
on lho instrument. .Suppose that tho scale 
is first spaced linearly or in terms of angular 
deflection of tho pointer : 

Let d — angular deflection, 

T„—absolute temperature of spiral, 
T=nbaoluto temperature of furnneo, 

E --energy falling upon spiral. 

The angular doflootion of tho pointer in 
approximately proportional to the temperature 
of tho spiral; the temperature of tho spiral 
is approximately proportional to the energy 
absorbed by it; tliis energy is approximately 
proportional to tho fourth power of the 
absolute tompemturo of the furnace; or 
«J«T # ocBeeT*. 

Honco d~ const. T 1 . 

ITonoo, determining the deflection com)- 
spending to anyone furnace tom porn, tore fixes 
tho constant in tho above relation and permits 
tho computation of tho temperature corre¬ 
sponding to nil other deflections. 

Actually, tho pyrometer does not exactly 
follow the fourth-power law but mtlmr Uio 
relation 

where b is an empirical constant slightly 
different from -l, If a calibration is made 
at a nmiiher of different temperatures, the 
exponent b may ho determined from the slope 
of tho best straight line drawn through lho 
observations, plotting log d against log T. Tito 
spiral pyrometer has nn especial advantage 
in being solf-eonlaincd, requiring no accessories 
suoh as lead wires, galvanometer, etc., but its 
accuracy is not equal to that of the thormo- 
clootrio instruments. The readings depend 
somowhat upon the position in which the 
pyrometer is held and upon tho previous 
condition of tho instrument. For example, 
tilting tho case to tho right or left alters the 
reading, and slightly different readings may be 
oxpeoted wlion (1) tho pyrometer has been 
sighted upon a soureo at a higher temperature 
immediately before taking a certain reading, 
and (2) when the initial soureo sighted upon 
was at a lower temperature, 




PYROMETHY, TOTAL RADIATION 


GOO 


§ 00 blNTUNHION Uh’ TDK THAI I'KIIATI'IIK 
IJaniih jiv tub U.sio ok I )i a i’ll it Ati ,\!.s.—bYsry 
instruments inn often provided with a second 
scale extending over a higher rails'll of (cm- 
purntmo, This is effected hy the addition of 
a mini,or iliuplimgm over tins front of (Im 
pyrometer, which unis down the radiation |»y 
a dolinito fraction, Whilst Mienrotirally dm 
“ law ” of (Im instrument should ho mm (Tooted 
liy fill) addition of dm diaphragm, if ingenerally 
lomid that- 1,1m index is not exactly dm same 
with and without tlm diaphragm. The change 
is prohaItly duo to secondary radiation from 
the heated diaphragm, and also to change in 
dm distrilnition of tlm air currents within tlm 
ease, eaused hy tlm presence of the diaphragm. 
Tlm extrapolation of the seide tom] Mira (.urn in 
in practice nlToctnd by assuming the validity 
of the “ law ” of the instrument as determined 
hy the experiments over the range of tempera¬ 
ture meuKiimhlu with tliorinaelomcnlH. 

fj (id) 'I’ll 1-1 I'Wl’KIl Il’lX III)-I.IHUIS TyIIO- 

MNTHU..'I’lm construetiim of this pyrometer 

will he understood from J 8. 

The receiving disc on the eouplo and Mm 
front diaphragm of tlm pyrometor are locateil 


so long mi the cone AO.U In lilluil hy tlm 
radiation from tlm hot object, tlm readings aro 
iiuliipcnilnnt of the distance. Tlio position 
of tlm point 0 is marked hy tlm wing nut on 
tlm lolemiope tube. Tlio angle is made kiiiiIi 
that tlm diainoiot' of the source sighted upon 
must he at leant one-tenth {or in some in- 
utriiments one-eiglilli) the distance from tlm 
source to the wing mil;. 

8 (11) Thwinu Rawatton I'ykomutkh.— 
Tlm Tlnviiig pyrometer (/‘’if/. 0) is Homewhat 



AmuiRdmciit of therm nolcincnt 
nail co mi 

l-’m. \K 


similar to the IAinter, but lias a oono instead 
of a concave mirror. Thu receiving disc of 
the couple is situated at tlm apex, .Hndiufciim 
from the furnace outers tlm diaphragm and 
falls upon the hollow conical mirror. Tlm 
hot junction of a minute tliennoeouplo is 
located at the apex of tlio cone, and tlio cold 
June lions are outside. By multiple rolloo- 


tion along the sides of {ho conical mirror 
the radial ion is (imtlly concentrated upon the 
hot junction of the eon pi e. Thu Thwing 
instrument is so constructed that tlio soureo 
must have u diameter at. least imo-cightli of 
tlio distance from tlm source to tlm receiving 
tidie; Mins, at 8 feet (INI m.) from a funmee 
tlm soiireo must Im I foot (<K1 in.) in diameter. 

for permanent installations, tlio tube is 
ventilated mid 1ms several extra diaphragms 
to prevent the local heating of the instrument 
and stray radiation reaching the couple, 

(12) \Viiim,H<h.oHt:n Turn: Pyiiom ktkh.— 
Whipple has iiitroduccd a niodiiieiition of the 
I'Yiry pyrometer. In (Ids type a closed luho 
of salamander or fireclay is inserted into tlio 
fumaco or molten metal, and the radiation 
from the hot end focussed on a minute 
thermocouple; the instrument being of tho 
fixed focus typo. 

For talcing leinpnratiircs of molten metals, 
Urn radiation from which departs considerably 
from fall radiation, anil for furnaces with a 
smoky atmosphere, this form of pyrometer 
lias proved to bo of service. Tlm drawback 
of this type for vory higli tenipomliiro work 
is the im possibility of 
obtaining an impenne.- 
aliln tube, and should 
oil, vapour, or fumes 
pass into Hie interior it 
would seriously vitiate 
Min results, 

8 (1H) Uhk ok a Raima- 
thin Tyuhjuktuk with a Simuoii ok Inhui- 
I'ioilJNT SIy. io. —-It is sometimes necessary to 
use a radiation pyrometer at suoli a ilistuaco 
from it small souroo that tho aperture of tlm 
instrument is not completely filled. 

Thus, with tlm .t'Yiry pyrometer, the imago 
of tlm source formed at the receiver may lio 
smaller than Urn limiting diaphragm immedi¬ 
ately before tho couple. Tho most mdisfnelory 
method of using the radiation pyrometer 
under such conditions is to construct a new 
limiting diaphragm of tho proper size and 
recall h rate tho pyrometer, sighting upon a 
blank body. Another method which may Im 
employed with small sources is to com|into L 
tho actual size of the image . found at (lie 
receiver and correct tho observed diminution, 
making use of tlio assumption that the 
galvanometer dollecthm is proportional to the 
atm of the image ns long as the image is 
smaller than the limiting diaphragm. Thus, 
if tho area of tho opening to the receiver of 
tlio Ftiry pyrometer wore I min. a , and the area 



whom 0 ts dm illnmotcr of (ho Hcmrre, 

I Is tlm illnmotcr of Mm Image, 

/Is tlm focal leiuith of (lie I'lmruvo mirier, 
a Is tho itlHtniicc from Himrco to mirror. 



Km, h Ooiwootlun to Inillautor 

at (lie coujugato foci of the minin'. Then, 
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of tho image of the source formed by tho gold 
mince were 0-fi mm.", Dio correct temperature 
would be given by tho value corresponding 
to a deflection twico that of tho actually 
observed delleetion. Errors duo to aberrations 
of the gold mirror will affect tho measurements 
In some extent. 

As a rough cheek upon this method of 
using a Fery pyrometer Burgess and Foote 
made the following measurements : The area 
of image required by tho pyrometer was 
1-77 mm, The source remained at approxi¬ 
mately a constant temperature 1200° C!., ami 
its size was altered by means of water-cooled 
diaphragms. 


surroundings is of tho order of SO 0 this factor 
has nil appreciable influence. 

(b) The thermocouple and inclined mirrors 
are enclosed in a small cell. Stray reflections 
from tho walls falling on tho receiving disc 
produce disturbances. 

(c) The rate of heat loss from tho junction is 
not strictly proportional to its temperature 
excess. 

(d) Conduction of heat along tho eonplo 
wires produces a slight lemporutum rise in the 
cold junction. 

(c) In addition there are various error# to 
which the millivoltmoter readings are liable. 

Occasionally nno finds that an instrument 


Aren 

of I mage. 

Observed 

I'J.M.l 1 ’. 

Aren of Receiver 
Area of Imago 

Observed 
K.M.b’.x Ratio 
of Areas.' 

Tempera tnm 
computed. 

Mm.* 

0-302 

Millivolts. 

104 

5-86 

0-01) 

”<!. 

1200 

0-01)5 

2-33 

2 -r>r> 

5-04 

1280 

0-807 

2'78 

2-1!) 

G-0<) 

12110 

1 ■504 

4-32 

M3 

4-88 

1200 

1-77 

0-04 

100 

5-04 

1201) 

--- 

_ . 


Mean . . 1205 


Tho above-computed temperatures have a 
wide range, but without doubt, if suffloiont 
care were takon, tho accuracy could bo 
increased, possibly to ±20° 0. This mothod 
will not give as satisfactory results us may ho 
obtained by replacing tho limiting diaphragm 
with one of smaller opening and thou recali¬ 
brating the instrument, 
f) (14) SoiMUJUS OF ElUlOR IN PltAOTIOAIi 
Fi)aMsjjF'It a l)r ation PvnriMKTions.—,Since tho 
idpal'’radiation pyrometer would givo gnlvano- 
~mcter deflections proportional to tho intensity 
of tho radiation emitted by the hot object, 
and licrnco the difference in the fourth powors 
of tho absolute temperatures, a calibration 
■it ono temperature would ho sufficient to 
nipply all tho data necessary for tho computa¬ 
tion of tho temperature scale. When T is 
targe compared witli T„, tho deflections should 
ho proportional to T 1 (T D 4 being negligible), 

lb is generally found, howovor, that tho 
index is not 4 , but varies botwcon the limits 
<T8 to 4-2 for various instruments. 

In any particular ease tho valuo of the 
index may ho obtained by plotting tho 
logarithms of tho doileotiens and tomporatures. 
Tho oxporimontal points will in general ho 
found to lio on a straight lino, 

_ Many factors ermtrihuto to produco varia¬ 
tions in the value of the index from 4. 

(«) Tho olcotromntivo force gonoraterl by 
tho tliermooou])lo is not strictly proportional 
to the temporaturo ditloroneo botwcon tho 
hot and cold junctions. When tho riso in 
temperature of tho receiving diso abovo tho 


will follow the fourth-power law with consider- 
able exaetitudo. This is to lie ascribed in 
tho fact that the small residual rlfeets 
accidentally neutralise each other’s influence, 
rather than to theoretical perfection of design. 

'.[.’he other eharactoristies of practical types 
of radiation pyrometers which require study 
in tho Cano of each individual instrument 
are: 

(i.) Absence of “ Lai/."—So that tho final 
reading is quickly attained. While theoretic¬ 
ally an infinite time is required to reach tho 
equilibrium stato (i.e. when tho receiving disc 
omits ns much heat as it receives), most 
practical types reach the sternly stato in a 
minute or so. Tho time interval required 
depends, of course, on tho individual pyro¬ 
meter. 

Occasionally a maximum rending will bo 
quickly reached and thou it begins to decrease, 
tho final value only being reached after 
fifteen to twenty minutes. This anomalous 
behaviour is generally duo to conduction 
along tho wires of tho couple and to secondary 
radiation from tho sides of tho coll ami the 
diaphragms. 

Such an inslnimonb must ho calibrated under 
the sumo conditions as it is to ho used in 
practice. 

(ii.) Effect of She of Image.—Ik is necessary 
to ascertain how far tho indications are in¬ 
dependent of tho distance from tho source to 
pyrometer and independent of tho size of tho 
sourco when this is abovo tho minimum size 
required by the gcomotry of tho instrument. 
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The dependence of the indications on tho size 
of tho imago is probably tho most serious 
amivco of error inherent to practical types of 
radiation pyrometers, and can only be over¬ 
come by careful construction and arrangement 
' of the mechanical parts of the instrument. 
Burgess and Route studied tho clfcet of varia¬ 
tion in tho si'/o of tho hot object and the 
foe« bs in >' distance on commercial types of total 
radiation pyrometers. 

fti the geometrical theory of tho Fery 
pyre line ter it is assumed that the source is of 
a nizo sufficient for its image to cover the 
thermocouple receiver or the limiting din* 
phrngm immediately in front of the receiver. 
Usually this limiting diaphragm is the hole in 
tile focussing mirrors in front of tho thermo¬ 
couple). As long as this opening is covered 
b.V tho imago of tho source, ono might expect 
that tho reading of tho pyrometer would lie 
independent of distance or sizo of source. Their 
experiments, however, show that, in general, 
the reading of tho pyrometer decreases with 
incronsing focussing distance and with decreas¬ 
ing size of source, oven though the imago of 
the Hiiuroo always covers tho receiver; some 
instruments show tills effect much more 
markedly than others. It is even possible to 
obtain a positive reading, as shown by ICaiiolt, 
when Hie pyrometer is sighted on a hole in 
u heated surface, although the image of the 
hole covers the opening to Lho thermocouple 
receiver, Tito eausc of this effect is heat 
tie form hied from a consideration of tho si/.o of 
tho i uinge of tho source. 

Errors which are surprisingly big in magni¬ 
tude, and which completely outclass those 
resulting from otlior causes, may ariso in the 
variation of tho size of tho imago produced by 
the pyrometer. Tho size of the imago may 
be altered by (n) varying the fooussing distanco, 
the hI*/o of l-lic source remaining constant, unci 
(/>) by varying the size of the source, tho 
focussing distance remaining constant. 

In the study of those effects they employed 
a largo nickel strip as the radiator, in front of 
which, nt a distance of 1 or 2 om., was placed 
diaphragms of various openings, lly water 
cooling, the temperature of tho diaphragms 
was maintained at about that of the room, so 
that thoro was no effect of radiation-from 
thorn, and the thoroughly blacUoned surface 
of the diaphragms absorbed practically all tho 
heat falling upon it, honco tho radiation loss 
from tho surface of tho heated strip behind 
tho diaphragm was tho same ns that from tho 
exposed Hiirfaeo of tho strip. Conscc[uently 
there was no variation in oithor tho apparent 
or true tomperaturo of the strip when tho sizo 
of tho diaphragm opening was ohnngor]. Ex¬ 
cept for very closo distances from the pyrometer 
to tho strip, tho diaphragm openings acted as 
tho real source of the radiation, In this 


manner five sizes of the radiating source wore 
obtained, circular areas having diameters of 
H)|>, :K), fl-G, 8-5, and 12 cm. 

The pyrometer was mounted upon a carriage 
which rolled on parallel tracks similar to an 
ordinary photometer bench. The strip and 
water-cooled diaphragms were properly ad¬ 
justed at one end of the bench, and the 
apparatus aligned so that the imago of the 
diaphragm opening employed was always 
centred upon tho pyrometer receiver for all 
focussing distances (usually 80 to 300 om.). 
Curve A, Fig. 10, represents the variation in 
E.M.F., with the diameter of Mm image of a 
uniform temperature source for n Fery pyro¬ 
meter which showed the effect of those emus 
in a marked degree. 

This particular pyrometer had focussing 
mirrors of thin glass silvered on tho back 



O -1 *2 *3 -4 -5 -O -7 .£1 .0 1-0 M 
Dlamotor of Imago in cm. 

Via. io. 


surface; tho opening in these mirrors, which 
formed lho limiting diaphragm, was l-fi mm, 
in diameter. A ()■(( om. diaphragm was located 
immediately in front of tho focussing mirrors, 
and the inside diameter of lho .thermocouple 
box was !• I cm. In the present ease the diameter 
of the imago was varied from O'03 to 0 0 cm. 
by employing sources of diameters 2 to 11 cm. 
at focal distances of 70 to 2fi0 cm. In the 
scot-inn al> of the curvo tho image was not 
largo enough to cover the 0-15 opening in tho 
focussing mirrors. .For this range the I'l.M.F. 
is approximately proportional to the aim of 
tho imago or to the (diameter)*, so that AH 
is a parabola. If tho focussing mirrors formed 
a porfeot diaphragm, completely shutting out 
all radiation except that passing through tho 
opening, the point b would represent a maxi¬ 
mum reading, and tho curve would continue 
horizontally along tho lino be. Actually the 
KM.F, increases up to tho point c, where the 
imago lias a diameter of about M cm., tho 
inside diameter of tho thermocouple Imx, 
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although for nil points from b to e tho size of 
the imago was siillicient to cover the receiver, 
Tho largo inerenso along be. is due to tho 
heating of the silvered glass focussing mirrors, 
and tho amount of this heating increases with 
tho size of image, until tho image completely 
fills llm inside of tho thermocouple box. This 
heat is communicated to tho thermocouple by 
radiation and by convection currents set up 
within the receiver. The errors in measure¬ 
ment resulting from variations in size of imago 
arc readily apparent. For example, suppose 
the instrument were calibrated by sighting nl 
lot) cm. distance upon a hlnclt body having 
an opening of 2 cm., and v/cre used for the 
measurement of tho tempera turn of a source 
11 cm. in diameter at a distance of 100 cm. 
In the first ease tho image diameter is about 
(Mfi mil. and in tho hitter (Ml cm., correspond¬ 
ing on tho curve to the points b and e respect¬ 
ively. The KM.]?, at e is 227 per cent of 
that of h, so that as used tho instrument would 
indicate KM.R’h in error by 127 per cent. 
Suppose this instrument obeys the law E=reT 4 , 
then by ililforentiation 

515 ,5T 

■ TT*T- 

which states that tho fractional error in tho 
absolute temperature is nno-fourtli tho frac¬ 
tional error in IC.M.F. lienee an error of 
127 per cent in T5.M.F. is equivalent to an 
emir 22 per cent in tho absolute temperature. 
Thus, for a source of 11 cm. diameter, 100 cm. 
distance, and at a temperature of 1000° C\, 
this pyrometer would read about 2070° 0., or 
a temperature too high by />7n° 0, 

The example cited is iui extreme ease, and 
the variat'ttii'i'of 15.M.F. with diameter of tho 
was greater for this instrument than 
for any other examined by Biirgo&s and Foote. 
Actually, a pyromotor would not bo calibrated 
with (lie minimum-sized image required by 
the optics of the instrument. It is rather 
dilliciilt to centre such an image, so that 
usually the image is made large enough to 
overlap the opening of tho roeeiver. Probably 
an image diameter of approximately* 0-1 cm. 
is more often employed in calibration, and, in 
general use, tho variation in image diameter 
may ho of from 0-2 to 11 cm. Tims calibrated, 
this pyrometer would indicate lO.M.F.’s too 
small by 22 per cent when the smaller image 
is used, and too great by 17 per cent with lho 
larger image. 

Curves B and C illustrato tho variations of 
•15.M.F. with imago diameter for two other 
Fcry pyrometers. Tho size of image was 
varied by both altoring tho sizo of tho source 
and of tho focussing distance. Tho fact that 
the points obtained by oithor mot hod coincide 
equally woll with tho ourvo precludes the 
possibility of any experimental errors, suoli ns 


temperature gradient across the nickel strip 
used as a source, or the change in temperature 
of tho strip due to the use of various sized 
diaphragms. It also indicates that the emir 
due to tho atmospheric absorption is small, at 
least in comparison with errors involved in 
tho heating of the focussing mirrors. These 
curves represent the behaviour of the two best 
acting pyrometers examined. In tho ease of 
B, the 15.AI.F. fur 1-1 cm. image is 122 per¬ 
cent of that obtained with an image of OTfiotn., 
the diameter of tho limiting diaphragm in 
front of tho receiver, and for (! this relation is 
102 per cent. If those instruments were cali¬ 
brated with an imago diameter of 0-1 cm., the 
KM. I?, developed by B would be too great by 
2 per cent for a 1*1 till), image and too small 
by 11 per cent for a 0-2 cm. image, and by 
too great by 2 per cent for the larger imago 
and too small by 18 per cent for the smaller 
image, with errors of one-fonrtli these per¬ 
centages when referred to absolute tempera¬ 
tures. 

Pyrometer B bad a metal diaphragm located 
between the silver glass focussing mirrors mid 
tho receiver, while in 0 this diaphragm was 
absent, hut the focussing miners were of gold- 
plated sheet-copper. These two imdi-iimoiits 
show a smaller el feet of variation in sizo of. 
image limn does pyrometer A, for the reason 
that the metal diaphragm in 15 and the copper 
mirrors in 0 were good boat eon duo tors, in 
contrast with the glass mirror diaphragm of 
A, and allowed part of the heat to ho earned 
to tho walls of the thermocouple box, where it 
was dissipated by radiation and convection on 
tho outside, away from the thermocouple. 

Tho fact that all throe curves are asymptotic 
to constant values proves that this type of 
pyrometer should bo calibrated and used on 
objects giving images much larger than the 
minimum specified by tho theory of tho in¬ 
strument. 

(iii.) Summitry of For.iimiiy Error* for n .Very 
Pyrometer ,—The principal error results from u 
variation in the size of the image of the 
source formed by the largo condensing mirror, 
and is due to the boating of the limiting 
diaphragm or tho focussing mirrors immediately 
in front of the thermocouple receiver. Tho 
amount of this heating increases with morons* 
ing sizo of image. On account of this fact, 
the pyrometer readings for a source of constant 
size decrease with increasing focussing distance} 
and for a constant focussing distance tho read¬ 
ings inorouso with increasing size of source. 
With ordinary use of this pyrometer, errors of 
this type may amount to several hundred 
degrees in extreme eases, and, in general, to 
/50° or more, unless certain specified methods 
of procedure arc employed; for example, the 
use of an image of a definite sizo for every 
measurement. 
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I.]io following table presents a summary 
of the various errors, the magnitudes of which 
dopuml upon the focussing distance: 

Taiilb IV 


jCi'i'riox' ui'on rue Pyrometer Reading of 
INCREASING Till: FOCUSSING DISTANCE 


Itcmllng Increases on 
Account of 

Itciuling decreases on 
Account of 

.1. Variable aperture. 

2. Winding of conanvo 
mirror by thermo¬ 
couple box. 

1. Atmospheric absorp¬ 

tion. 

2. Convection currents 

from source to re¬ 
ceiver. 

8- Stray reflection in 
receiver and tele¬ 
scope titlm. 

4. Itemdiiition to couple 
from side walls of 
pyrometer. 

fi. Image of souroo lac- 
coining smaller. 


With tho Foster fixed focus tlio principal 
tiouroo of tho error is secondary radiation 
from tho side walls and diaphragms of the 
front part of tho pyrometer tube to tho 
thermocouple reooivor, and stray reflection 
from tho nido walls. 

fiv-) Itjffccl of Dirt and Oxidation upon the 
Gn nil timing Device., —It has been found that a 
slight film of oxido on the surfaco of tho 
otmciavo mirror of tlio F6ry or Foster radiation 
pyrometorw does not soriouBly alter tho amount 
of radiation reflected, which amounts to about 
J)(! pin- cent of tho incident energy, ns tho 
grenter part of tho radiation oxiats in tho form 
of long wavo-longths, which tho tarnished 
mirrors roflcot without diflioulty. This experi¬ 
mental faot lias frequently been misundcr- 
Htood and tlio impression obtained that in 
npito of dirt accumulation, stains, and scratches 
tlu* gold surface remains unchanged in its 
relloctmg power; such is not tho enso. Pyjii- 
niotors subjected to severe use in tho industries 
Boon become coated with dust and dirt, and 
errors of 100° 0. are not unusual whoa tho 
mirrors bccoino dirty. The instruments will, 
of course, rend low. 

In oxooptional cases tho front nf tho pyro¬ 
meter is covered by a sheet of glass so as to 
prevent tho access of dust and fumes into tho 
iutorior of the pyrometer. Tho glass reduces 
tho sensitivity of tho instrument vory con¬ 
siderably owing to absorption, and experi¬ 
ments show that the variation of tho E.M. F, 
is gemirnlly nearly proportional to the fifth 
power of tho absoluto tomporaturo. 

S (If)) Advantages and Disadvantages op 
the Total Radiation Pyrometer as oom- 
l’AKKD WITH Till] Owioai, Type. —Tho total 
radiation pyrometer has tho advantage over 
VOL. I 


the optical type, insomuch that it is direct 
reading. There is no necessity for the observer 
to judge equal intensities as is the enso with 
optical pyrometers. A total radiation pyro¬ 
meter can be coupled up to a recorder of the 
typo employed with thermoelements and a 
continuous record of temperatures obtained. 

It is also applicable to lower temperatures 
than can be measured with tlio optical typo. 
On tho other hand, departure from black body 
conditions or tho presence of C0 a or water 
vapour causes greater emus in the reading of 
tho total radiation type than in (he case of the 
optical. 

§ (Id) Calibration op Radiation Pyro¬ 
meters, —Instruments arc generally calibrated 
by comparison with a standard instrument 
over tho range 1500° to 1400° 0. A uniformly 
heated mulllo forms a convenient source of 
radiation closely approximating to a full 
radiator. 

Tlio standard instrument requires more 
elaborate study. For this purpose a large 
platinum foil wound electric furnace is con¬ 
venient ; this should bo provided with 
suitably disposed diaphragms, and the pyro- 
motcr focussed on a plug of refractory material 
fixed in tho centra of tho furnace. Across the 
face of this plug one or mere platinum- 
rhodium couples should be stretched, so that 
tho menu temperature of the surface is 
obtained with accuracy. 

To obtain a cono of radiation of sufiioiont 
si/.o to fill tho Held of the pyrometer it is 
advisable to employ a furnueo with an aperture 
of over three inches in diameter. 

At high tompcmturcs a considerable amount 
of cooling takes place by convection from tlio 
open mouth of n horizontal furnace. Sumo 
improvement can be effected by inclining 
tiio mouth downwards at an angle of 20" to 
30°, but for the steadiness of temperature and 
for economy a vertical arrangement of tho 
furnace, opening downwards, is tlio most 
satisfactory. 

For temperatures up to 11(10° 0. tlio fumaco 
can bo wound with “niulmnno” or similar 
alloy tape about 1 cm. wido by 1 mm. thick. 

For higher temperatures up to M00° 0. it 
is necessary to employ platinum foil, sinco tho 
lifo of a nickel-chromium alloy winding is only 
a few hours at a temperature of 1300° C. 

(i.) Compulation of Calibration Data. —'['lie 
thermoelectric typo of radiation pyrometer 
obeys tho relation E=a(T 6 -T # ,l ) > where JS 
is the E.M,]?. developed when the pyromolor 
is sighted on a black body at an absoluto 
temperature T, tho tomporaturo of tlio receiver 
being T„, and a and b are empirical constants. 
In general, TV is negligible in comparison with 
T\ so that one may write E-a'P, Tlio 
constants n and b must ho determined for eaoli 
instrument. 


2 X 
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Although two oaii Oration points servo to 
dotorminc a ami />, observations am usually 
Jiuule at five or moro different temperatures, 
fliul the best curve is drawn through all the 
points. Since an exponential curvo of tho 
correct form is difficult to adjust graphically, 
tho curvo is recti lied into a straight, line by 
plotting log .K in tonus of log T. 

Thus, expressed in logarithmio form, tlio 
equation for the pyrometer becomes 

log E=log a+b log T, 

which is a linear relation between log E and 
log 'i', the slope for the straight lino dotor- 
miniug the constant b. 

(ii.) Calibration by Siyhlhuj an a Healed 
Strip. —Tho standardisation of a radiation 
pyrometer under black laxly conditions against 
a thermoelement is a somewhat tedious opera¬ 
tion owing to the time required by tho furnace 
in settling to equilibrium. 

When a calibrated instrument is available 
this can bo used as working standard and 
other instruments tested by comparison with 
it. For this purpose it is not essential to have 
black body conditions, and any furnace will 
meet tho requirements provided tho surface 
sighted upon is uniform in temperature. 

The Bureau of Standards has discarded 
tho use of a furnace in favour of an electrically 
heated strip. Of the metals available for the 
purpose of making the strip, nickel appears 
to ho most satisfactory. When boated in air 
a Him and uniform coal of black nickel oxido 
(NiO) forms on tho surfneo. Such a strip 
can ho used almost indefinitely up to l;i00° 0. 
and rapid changes of temperature can ho 
made from .700° (A to 131)0° (j. Tho cooling 
from 700° to room temperature must ho done 
slowly, or flaking of tho oxide will occur. 

hi the apparatus employed a Atrip 17 cm. 
long (exposed section), 13 cm. wide, and 0-015 
cm, thick is mounted vertically between wn'tor- 
ooolod brass-damp terminals. This is heated 
by an adjustable current (maximum 1700 
amperes) supplied by a low-tension trans¬ 
former. A Atrip oE this size furnishes a source 
of circular area and diameter of 12 cm. which 
is uniform to within 2° at 1200° f!. ovor its 
eiitiro surfaoo. 

The advantage gained in using a Atrip 
several non time troB longer than its width is 
marked. Tho tomporaluro variation across 
tho width of tho strip is practically nil, tho 
main variation occurring along tho lower edge. 
Thus, the temperature gradient along a vortical 
section of tho strip is not symmetrical, the 
bottom of tho strip boing cooler for several om. 
than tho top. Using a strip 17 by 13 om, tho 
eoutre of tlio 12 tun. uniform temperature area 
is located ff-7 om. from oithor side, about 
7-7 om. from tlio top, and 0-5 om. from tho 
bottom. 


In the use of this nickel-oxide source for 
the calibration of pyrometers it is essential 
that tho instruments compared he of similar 
type, so that tho departure from “ blackness ” 
of the strip will affect each pyrometer in the 
same manner. Large errors would ho involved 
in tho comparison of an optical and radiation 
pyrometer by this method unless tho ohservu- 
tions were corrected both for the monochromatic 
and for tlio total omissivity of niekol oxide, 

§ (17) Total Radiation nrom Oxidk ami 
Metallic Siiukaces.— While muffle furnaces 
and boating chambers employed in the in¬ 
dustries closely approximate to “ fill I mdia tors,” 
the surfaces of metallic objects depart con¬ 
siderably from the ideal contemplated by tho 
Stofaii-Balt/.inmm law. Consequently, a radia¬ 
tion pyrometer calibrated on a “ full riul in tor,*' 
if employed to take the temperatures of mieh 
surfaces, will give readings which are too 
low. ; 

When tlio surface is oxidised, the difference 
hotween tlio apparent and tho real temperature 
will ho a function of tho condition of the 
surface, and it is difficult to apply a correction 
with any degreo of certainty. 

Tlio radiation from some of (ho commoner 
metals has boon investigated with the con¬ 
clusions summarised below. 

§ (iff) .DkKINITION Ob' THE EmIASIVI'J’V Ob' 

a iSmti.’AoK. — At the present time the term 
“ omissivity ” is used to denote the ratio of 
tho heat omitted by unit area of Uio surface 
to that omitted by an equal area of a “ full 
radiator” at the same tempo rat, ure, and not 
in the older sense of the term, when it denoted 
tlio heat emitted per unit, time divided by tho 
temperature excess of the surface above the 
surroundings. Hence if Q is tho total radio, 
thm emitted by the unit area of the surf nee 
at absolute temperature T to surroundings ut 
tomporaluro T„ and <r is tlio “ black body” 
constant, then 

Q^Kff(T»-17*), 

whero E is defined as the omissivity constant 
for tho surface at T. 

Tn the following brief review of experimentnl 
work oil tlio determination of emissivUies 
attention will ho confined to thoso investiga¬ 
tions which have been made primarily with a 
view to the evaluation of the corrections to 
tho total radiation pyrometer readings when 
used for taking tho temperatures of such 
materials in the open. 

(i.) timmivily of Nickel Oxide. Surface.— 
Burgess and Foote employed mi ordinary FY-ry 
radiation pyromotor for tlio measurement of 
tho omissivity coefficient. This pyrometer 
was calibrated to givo true temperatures under 
black body conditions. 

Observations wore made of the apparent 
tomporaturcs, tho corresponding true tern* 
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pomturca being obtained by methods described 
below. 

IE E denotes the total omissivity of mi 
approximately non-select ivc, radiating him face 
at absolute temperature T„nndS the apparent 
tom jieratui'e observed with tho radiation 
pyrometer, and Q fcho radiation, then 

Q. ~<r(S' - T 0 4 ), 

Q=.-E«r(T^-'IV), 

hcn.cn a (S’ 1 - 'IV) - Etrt'IV - T 0 4 ), 

fti _ '['4 

ho that K=,jn—>fn- 

‘I- • l o’ 

AUnvo 000° 0. the term T 0 ' may he neglected, 
ns u hi tu ple calculation will show : 

If, for oxauuplo, K is about 0-5, tho error in 
its value by neglecting T 0 would ho only 0-007 
at 000" C. and 0-0002 ut 1300° O. 

Honeo tho oniissivity may bo calflulfttod by 
tho simple expression 



.Since in practical typos of radiation pyro¬ 
meters tho index is rarely exactly 4, tho above 
expression requires slight modification in such 
oases. 

Taking tho eliarueteristic exponent of the 
empirical relationship between c tho 101.1'’. 
and temperature ns b so that 

a=«T*», 

then, if c' is tho RM.I'\ generated when sighted 
on a milinting surface of apparent temperature 
(absolute) and true tomporaturo T, 



To obtain the li-uo tomporaturos correspond- 
ing to the apparent tonipomturoa two methods 
were available which gave results in closo 
uooiutI. 

(1) Tho application of tho idea embodied in 
the .Toly metdomoter, in which tho melting- 
points of mierosuopic specialism of various 
siilmlanecs wore observed, such us NaCl 
(800" C.) ; NiijjSO,, (884° 0.); Au (1003° C.). 

Exporiinenls were made to nscertnin Hint 
the tompcrntu.ro of the strip did not ililYor 
appreciably from that of the specimens. 

(2) By the use of an optical pyrometer 
calibrated to rend truo temperatures when 
High tod on such a surface. This pyrometer 
is based on tho principle) of matching tho 
intensity of tho light from an electric 
lamp filament with tho light from the hot 
object, 

Tho pyromotor was calibrated initially for 
“ full radiator ” conditions, and then tho 
departure of the nickel nxido mirfnoo was 
obtained hy sighting on tho surface of a 


nickel tube, electrically heated, and into a 
small diaphmgmed enclosure in tho centre of 
the tube, by properly locating tho diaphragms 
in the interior of the tube “ black body ” 
conditions eould be realised quite satisfactorily. 

Theoretically the experiment might bo 
simplified hy using the total radiation pyro¬ 
meter directly tn sight on the outsido of tho 
oxidised tube and on the interior: tho first 
observation giving the apparent temperature 
while tho second would give tho trim tem¬ 
perature. but, owing to the largo aperture 
that would lie necessary in comparison with 
that required for an optical pyrometer, this 
method of obtaining the true temperature 
would present practical dill lenities. 

It should ho remarked, however, that the 
principle employed (of measuring the radiation 
by concentrating it on the thermocouple by 
means of a metallic mirror) is only valid so 
long as onolTiciont of reflection of tho surface 
does not vary with tho wave-length. 

This appears to ho tho ease for gold over the 
spectrum range from /t to 1-1 g. 

Tho variation of omissivity with temperature 
of NiO is given in Table V. while corrections 
to “apparont” temperatures nre given in 
Table VI. 

Taw.k V 


0 li. 

Kinlimlvit)-. 

Tiaii|n'nitm-f, 

Kmlnilvlly. 

(il)O 

on 1 

1000 

0-75 

<ino 

0-511 

iono 

0-78 

7(10 

0-02 

mm 

0-81 

7fiO 

0-05 

lino 

0-Kt 

8(10 

0-08 

12(10 

0-8(1 

850 

0-70 

1200 

<>-W5» 

000 

0-72 

1300 

0-8(1, 

1150 

0-73 

•• 


Tama VI 

OORURCTIOHS WHICH MUST III-! ADDUI) TO Tllli 
Aitakknt Rkadinos or Radiation Pvito- 
MKTMIH TO HIVE Thus TKAimtATUUKS WIIBN 
HIOHTKI) ON AN OxillIHKII NlOKBI. SCRKAOt! 


Apparent 
Tempera¬ 
ture, 0 0 . 

(.'orrc.c tlmi. 

Apparent 
Tompom- 
turo , 0 O. 

Correction, 

500 

120 ° 

1000 

75 ° 

(100 

110 

lino 

05 

700 

100 

1200 

55 

800 

on 

1250 

50 

000 

an 




(ii.) Iron Oxide. —A knowledge of tho 
omissivity of iron oxide is of considerable 
importance) technically, since it permits of 
correction to the readings of radiation pyro¬ 
meters wlion taking the tomporaturos of 
billets, rails, ole. 

burgess and Rooto made observations oil 
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tho same lines ns tlmse described above in 
the case of nickel; in this enso, however, 
electrically heated iron tubes of various sizes 
were employed as radiators. 

The results arc given in Table VII. 


Tabus VIE 


True 

Temperature, 

a O. 

Emissivity. 

Correction to 
Apparent 
Tempornture. 

GOO 

0-85 

.10° 

GOO 

0-85 

30 

700 

0-80 

315 

800 

0-87 

35 

900, 

0-87 

40 

1000, 

0-88 

40 

1100, 

0-88 

45 

1200 

0-80 



taken of the gradient through tins oxido 
film. 

(iv.) ISmimviiy of Molten Metals.—The total 
radiation pyromotor is of very limited use with 
uiolton metal surfaces. Such surfaces can 
novel- bo freed from Jm/.o or fog, and the 
radiation from tiro walls of the furnnoo or 
crucible reflected at the molten surface is apt 
to produce serious errors. 

Burgess has made some observations on 
the difference botwoon the apparent and real 
temperatures in the caso of metallic coppor 
and cuprous oxide surfaces, using n Eery 
pyrometer. 

The following relationships were found to 
ho approximately true. In these equations t 
is the true tompornturo centigrade and s (ho 
apparent. 

Holton coppor, clear surfaeo— 


It is possible to calibrate a total radiation 
pyrometer to givo approximately true tem¬ 
peratures when sighted on an oxido surfaeo 
by inserting a resistance coil in sories with 
the indicator when standardising on tho 
customary “ black body ” furnace. Tho valuo 
of tho resistance can ho calculated from tho 
constants of tho instrument. 

(iii.) Temperature Gradient through the Oxide 
Layer .—Iron oxido is a comparatively poor heat 
conduotor, consequently it might bo oxpeoted 
that the true surfaeo temperature would bo 
appreciably below that of tho body of tho 
metal. 

Exporimonls with a thorinooouplo insitio tho 
tubo to givo tho true temperature showed that 
tho gradient through tho oxide was consider¬ 
able and apparently mdopondont of the size 
of tho tubo. ItwquhLappear that tho thickness 
of th f e_jjaWoTiyor is automatically rendored 
—■-JAf-TTio same order of maguitudo for different 
times of heating by tho linking off whioh 
occurs. 

Data obtained by Burgess and Pooto eon- 
corning this gradient are in good ngreomont 
with those obtained by Burgess, Crowe, 
Uawdon, and Wnltonlxsrg on mil sections, tho 
couple hoing insorted in a small hole drilled 
parallel to tho length of tho rail and as near 
tho oxido ns possible. 


Tomiiornturo, 

Insldo Layer , 6 O. 

Temperature, 
Outside Layer , i (J. 

010 

000 

715 

700 

820 

800 

030 

900 

1080 

1000 


These results show that any method of 
obtaining the tompornturo of rails, ingots, etc., 
by observations of tho surfaeo tompornturo, 
is liable to serious error unless account is 


/-3‘Gffo- 1018: 

Surface covered by cuprous oxido— 

(—• 1-41,9- 100. 

The difforonco between tlio apparent 
tomperatnres—when tho pyrometer was first 
sighted on tho clear coppor surfaeo and then 
on tho oxide surfaeo, both hoing at tho same 
temperature—amounted to as much ns 300° 0. 

Tho apparent freezing-point of copper (dear 
surfaeo) was found to ho 000“ 0. compared 
with tho true valuo of 1083° C. 

Tho omissivities of the two surfaces ut 
various temperatures are given in Tnblo VIII. 



Taiimj VIII 

Tflinyurntiiro, 

KmlnMvlty 

(Molten Uojmor). 

Tompomlnro, 

"(). 

limlmlvlty 

(OiiiirmiitllaliJo), 

1075 

1125 

1175 

1225 

1275 

__ 

0-10 

0-15 

0-15 

Oil 

0-13 

800 

900 

101)0 

1100 

()-(>l> 

o-no 

0-5-t 



Tlnving has made some observations on tho 
omissivities of both molten iron and molten 
coppor relative to that of iron in tho solid 
stato (presumably oxidised). No details are 
given concerning tho experiments. Ho states 
that molten cast iron at 1300° 0. to 1400° 0. 
has an emissivity of 0-29 that of tho solid 
molftl. Mild steel (molten) at 1(100° 0. lias a 
relative coefficient of ()-i>8, whioh coeffioient 
appears to hold up to 1800° C. Holton 
copper has an emissivity of 0-14 that of solid 
iron. 

Some of tho experiments appear to have 
been mode on tho streams of molten metals 
issuing from tho furnaces, 

Tablo IX. summarises existing knowledge ns 
rogards tho oorreotions required to apparent 
temperatures given by total radiation pyro¬ 
meters to convert to Iruo tomporaturos. 
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Table IX 


Titui: Temperatures anti Apparent Temperatures measured nv It adiatkin .Pyrometers 

WHEN SKIRTED UPON VARIOUS .MATERIALS 


Observed 

Toiuiicraturo, 

000 

C50 

700 

750 

800 

851) 

000 
050 
1000 
1050 
MOO 
I ICO 
1200 


True Temperature, ® 0. 


Molten Tron. 

Molten Copper. 

Copper Oxide. 

Iron Oxide, 

.. 

1130 

720 

(J30 


1210 

775 



1200 

830 

735 


. . 

890 


1200 


9(5 

840 

1270 


1000 

1340 


1000 

1)45 

1410 


1115 


1475 

1050 


1170 

1050 

1010 

1080 


•• 

1155 

1750 



1200 


710 

7(55 

800 

845 

805 

mo 

1185 

1030 

1075 

1121) 

1105 

1210 

I2B5 


§ (10) Absorption in the Medium through 
which the Radiation passes. —Tho radiation 
Juts generally to pass through a gaseous medium 
Jioforo reaching tho pyrometer. At present 
the information available concerning tho effect 
of any absorption by tho medium on pyre- 
metric observations is very scanty. 

The subject is complicated by tho fact that 
moat gases and vapours have fairly sharply 
defined absorption hands, and that tho 
distribution of onorgy among tlio wavo-longths 
, of tlio continuous spectrum omitted by a 
“ black body ” varies with tlio toniporature. 
Should one of tho absorption bands coincide 
with the maximum onorgy wave-length of tlio 
npeotrmn its inflitoncio would bo vory marked, 
whoronH at nnothor tonipornturo that particular 
wave-length might contain but a very small 
fraction of tho total onorgy in tho spectrum, 
consequently tho loss by absorption would bo 
insignificant. 

It is known Unit CO.j has absorption hands 
of wavo-longths 4-4, 2-7, 14, and 15 p in tho 
infra-red, tho band at 4-4 p being a strong ono. 
Water vapour lias a number of absorption 
bands in tho neighbourhood of 0 p. 

Honco tlio presence of cooler strata of C0 U 
and other gaseous products in tlio furnace 
will lower tho readings of tho pyromotor. 
Tho writer on ono occasion obsorved an error 
of 40° C. in tho readings of a pyromotor when 
taking tlio temperature of a fnmaco near tho 
mouth of which water vapour was prcaont duo 
to tlio drying-out of tho furnace. 

Tjuiclnll, about 1850, made a thorough 
investigation of tho diathermancy of gases 
and vapours. Tho apparatus omployed con¬ 
sisted of a brass tube closed at tlio ends by 
plates of rook salt. .Facing ono one! of tlio 
tube was a source of radiation, such ns a 
cube containing boiling water or a glowing 
spiral of platinum. At tlio other end was 


placed a thermopile. When tho interior of 
tho tubo was exhausted tho dollection of the 
galvanometer commoted with tlio thermopile 
was reduced to zero by bringing up a com¬ 
pensating on ho to tho other faco of tho 
thermopile. Tho gus under test was Mum 
introduced into tho tubo; if it exorted any 
absorption effect tho galvanometer needle 
would ho deflected. Tho fraction of radiat ion 
absorbed could bo obtained by observing tho 
full doflcction produced when a screen was 
interposed between tho thermopile and tho 
tubo. The compensating euhci then produced 
tho sumo effect ns (lie radiation which 
previously traversed tlio exhausted tube. 

Tyndall found that air, oxygon, hydrogen, 
and nitrogen, if eavofully purified, exerted no 
sonsiblo absorption, while water vapour and 
carbon dioxitlo had a marked absorption. 
Vapour of organic compounds also had a con¬ 
siderable absorbing ofleet. j,. 
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Quantum Theory: 

Application of, to t!io behaviour of gases 
under various conditions. See “ Tiicrmnl 
Expansion,” § (2(i). 

Explanation of Variation of Atomic float 


with Temperature. See “ Calorimetry, 
the Quantum Theory,” § (4-1). 
formulae for Specific Heat, Experimental 
Test of, by E. H. Griffiths and E/.or 
Griffiths. See ibid. § (40). 

Seo also Vol. IV. 


R 


Radiation : 

Confirmatory ovidonco of the laws of, 
from a consideration of the inter-related 
phenomena of atomic structure, of X-rays, 
of ionisation and resonance potential, and 
of photnolcatrical action. Son “ Radia¬ 
tion, Determination of Uio Constants of,” 
etc., IV. § (11), Vo!. IV. 

Constant of Spectral, determinations of. 
See ibid. III. § (7), Vol. IV. 

Formula and Coefficient of Total : verifica¬ 
tion by experiment of Stefan-Holtzmann 
law. Sco ibid. IV. § (9), Vol. IV. 

Formula and Constant of Speotral : experi¬ 
mental ovidonco shows that, throughout 
the spoctrum, from 0-5 n to 50 g, Planck's 
formula fits the observed spcotral 
energy distribution moro closely than 
, any other equation yot proposed. See 
ibid. IV. § (11), Vol. IV. 

“ Fourth-power ” Law of, usod to mcasuro 
high tomjioratures. .See “ Pyromotry, 
Total Radiation," § (1). 

From a Rlaek Body, discussion of. See 
“ Radiation, Determination of the Con¬ 
stants of,” etc., I. jj (2), Vol. IV. 

From Flames. See “ Engines, Thermo¬ 
dynamics of Internal Combustion," § (57). 

Losses in internal combustion engines. Sco 

ibid. § (01). 

Measurements of Solar and Stolhvr. See 
Vol. .TIL 

Theory of Heat: laws of Boltzmann, Wien, 
and .Planck. See " Fyromotry, Optical,” 

HU- 

Total, of a Black Body, used as a secondary 
standard of temperature in the range 
above 500° 0. Hoc “ Temperature, Real¬ 
isation of Absolute Scale of,” § (41) (iii.). 

Transmitted by Red Filter Glass of Optical 
Pyrometer, Wavo-Iongtli of, Seo “ Pyro- 
nictry, Optical,” § (11), 

Radiation, Con w foi knt op Totai, : 

Imlircet and substitution moLliods of 
o.xporimental evaluation of. Seo “ Radia¬ 
tion, Determination of the Constants of,” 
ote., It. § (5), Vol. IV. 

Modorn methods of oxjiori mental evalua¬ 
tion of. Sco ibid. II. Vol. IV. 


Thcrmometrio methods of evaluation of, 
with “ black ” reeeivors, See ibid. (4), 
Vol. IV. 

liAMATIGN, DETERMINATION OP *J’IIM CON¬ 
STANTS OP. SCO Vol. IV. 

Radiation Theory. Seo Vol, IV. 

Radius op Gyration. Tlio square root of 
the ratio of the moniont of inertia of a 
body about a lino to the mass of the body, 



Railway Dynamometer (Jars—por the 
Measurement op Traotive Eppoiit and 
Resistance. See “Dynamometers,” §(5). 

(•v.). 

Rain Gauoeh. Seo “ Hydraulics,” § (II). Sco 
also Vol. HI. 

Rainfall, Di.striuution and Annual Vawia-, 
tion op. Seo “ Hydraulics,” §$ (J) and (2). 

Rake op a Propeller. A blade is said to 1m 
raked forward or aft according as tlio 
centre lino of tho blade at the tip is forward 
or aft of tho centre line at (lie root. Seo 
“Ship Resistance) and Propulsion," § (41). 

Rankin e Ovule. Seo “ Steam - engine, 
Theory or,” § (II). 

Reversibility of. § (7). 

For Wot Steam, (j (5), 

Rayleicih’s Formula for Radiant Hnerov : 
a formula, duo to Lord Rayleigh, giving an 
approximation to the distril>ution of radiant 
energy along tho spectrum, on tho side of ; 
the long wave-long His. It is I,lie expression 
which should bo found if the classical wystom ; 
of meclianics wero valid, and lias the form 
„ HttFI 

' 

Seo “ Radiation Theory,” § (fl), Vol. IV. 

Reaction Turhines. Sco “ Turbine, Do- 
volnpmont of tho Steam,” § (2)j “Steam- 
turbines, Physios of,” §§ (11), (10). 

Reaumur, introducer of a scale of lompore- 
turo, still used in parts of Central Europo 
and Russia, in which zero and 80 correspond 

• to tho freezing- and boiling-point of wator 
respootivoly. Soo “ Thormomotry," § (2). 
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serving as a heat-engine. It takes n quantity 
of heat., say Q lt from the hot hotly, and delivers 
a. quantity ()., In the cold hotly, convening 
the difference into work. Let all tho work W 
which it develops ho employed to drivo a 
refrigorating nmehino R ; and assume that 
there is no loss of power in the connecting 
mechanism. Accordingly tho two machines, 
thus coupled, form n self-noting combination. 

If fcho mnehino It could havo a greater 
eoolTiciont of performance than the reversible 
machine E, that would mean that tho ratio of 
Qo to W would bo greater in It than in E. 
Honco (W being the same for both) It would 



from tho cold body to tho hot body by means 
of a purely self-acting agency. This would 
ho contrary to the Second Law of Thermo¬ 
dynamics : wo conclude, therefore, that no 
icfi'igorating nmehino can have a higher co- 
ofTioiont of performance than a reversible 
mnehino working bolwcon tho saino limits of 
temperature, 

It follows Unit all reversible rofrigornting 
machines working botwcon tho samo limits 
of tomporature have the samo ooofFioiont of 
performance.. It also follows that tho value 
of this cnoftioiont is that which would ho found 
in ii reversed Carnot oyolo, namely 

Qa _ T, 

w“ipr; 

Thin is tho ideally liighcst coofRoiont; it 
moasu'ros tho performance of what may bo 


called a perfect refrigerating machine. The 
eooflicient of performance in any real machine 
is necessarily less, for tho cycle of a real 
machine falls short of reversibility. 

Tho following aro numerical values of this 
expression, namely values of the ooollieiont 
of performance in a porfect or reversible 
refrigerating process, for various ranges of 
temperature. Though these are ideal figures, 
representing a theoretical limit which cannot 
bo reached in practice, and is in fact not 
nearly reached, they illustrate the importance 
of making tho range of temporaturo ns small 
ns possible by taking in the heat which has 
to bo extracted from tho cold body at a tem¬ 
perature no lower than cun ho helped, and by 
discharging it after tho least practicable rise, 

COIOFFIOIHNTS OF PhRFOUIUANOU 

of a Perfect Refiiioekatjno Machine 


Lower Limit 
of Tempo taLuro 
(Coiitfgrmlo). 

Upiier Limit of Teinpcrn- 
tnrn (C'oiUlKmdo). 

10“. 

20°. 

30". 

•10°. 

no". 

-20° 

8-<t 

ii-n 

r>-i 

1-2 

:)•() 

-If>° 

io-;» 

7-4 

fi‘7 

4'7 

10 

-10° 

i:m 

8-8 

(HI 

r»-a 

■H 

- fi° 

17-0 

10-7 

7-7 

(1-0 

4-0 

0" 

27-3 

i:h* 

t>- 

«■« 

fefi 

t)° 

Will 

18T> 

111 

74) 

(1-2 

10° 


28-:i 

14-1 

0"1 

7-1 


§ (2) The Vai’ouk-oohhU'Ishion Process.— 
Tho working substance in a refrigerating 
cycle may ho a gas which remains gaseous 
throughout, snob as air. More commonly it is 
a fluid which is alternately condensed and 
ovnporatod. During evaporation at a low 
pressure tho fluid takes in heat from tho 
cold body; it is thou compressed and gives 
out heat in becoming condensed at a relatively 
high pressure. A machine for carrying out 
this process is called a vaponr-comprossiou 
refrigerating machine. Tho selection of tho 
fluid is governed by practical considerations, 
Wutor is used in some ensos, lmt a serious 
drawbaok to its uso is tho very largo volume 
and low-pressure of the vapour at low tempera¬ 
tures. Tlioro aro obvious advantages in using 
a fluid whose vapour-pressure is neither incon¬ 
veniently small at tho lower limit of tempera- 
turo nor inconveniently largo at tho upper 
limit. Tho fluids most commonly used nro 
ammonia and carbonic noid. Ammonia has a 
convenient rango of vapour-pressure through¬ 
out tho rango of tompomtmo with which 
wo aro concerned in practical refrigeration. 
It has tho drawbaok that it acts chomioally 
on copper mid brass; accordingly none of 
tho parts of an ammonia plant that aro 
oxposod to contact with tho working mihstnnco 
may bo mndo of these metals. .From tho 
thermodynamic point of view ammonia admits 
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of very efficient working; it is, in fact, tho The omission of an expansion cylinder, with 
tfwourito suhsfcanco when cennoiny of power the substitution for it of an expansion-valve, 
w*7i C,1 ' 0f fRCt01 <lotorminin K tho choice, simplifies the machine, hut it introduces into 
U carbon io acid tho vapour-pressure is the oyclo a definitely irreversible step. It 
considerably higher, the critical point is thereby reduces the coefficient of performance 
readied at a temperature that may como within for two reasons. Tho work which would be 
the range of operation, and the thermodynamic recovered in the expansion cylinder is lost; 
efficiency in somewhat less. Notwithstanding and also tho refrigerating effect in the cvnpor- 
theso objections, carbonic acid is frequently ntor is reduced, for more of tho liquid is 
preferred, especially on board ship, where vaporised in the aet of streaming through tho 
it is* more harmless should any of tho fluid expansion-valve than would be vaporised in 
escape liy leakage into the room containing ndiahatio expansion, consequently less is left 
tho machine. For uso on hind, especially to bo evaporated by subsequently taking in 
when the vapour-compression process is carried heat from tho cold body. The lossof efficiency 
out <>J1 a largo scale, as in ico-making nr in from those two causes is not, however, very 
tho cooling of largo stores, and the highest important umlor ordinary conditions. If tho 
thormedynnnviooff icionoy is aimed at, ammonia oxpnnsion oylindor woro retained as part of 
is usually chosen. Other fluids with lower tho machine its effective volume would need 
vapouc-pressures are ocoasionally proferred, adjustment relatively to Unit of tlio com- 
ospeoially in small plants, suoli as sul- 
pliumua aoid, othyl chloride, or methyl 
chloride. 

If tho reversed Carnot cyolo woro 
actually followed, tho olioieo of working 
fluid would malco no differeneo to the 
oflloionoy: tlio coollioicnt of porform- 
anco for any fluid would Jiavo tho 
valuo -T,). Rut a part of the 

reversed Carnot oyolo is omitted in 
practice, with tlio result that the co¬ 
efficient is reduced, and tlio extent of 
tho reduotion doponds on tho nature 
of tho fluid ; it is greater in uarbonio 
acid than in ammonia. 

To carry out a reversed Carnot oyolo 
completely, with sopnmto organs for 
tho Riiocossivo ovonts which malco up 
tlio cyolo, would require : 

(1) A compression oylindor in which 

the vapour is oompressed, from tho 
pressure corresponding to T 2 , to tlio pressure pression oylindor, in order to somire tho best 
corresponding to T,. results undor varying conditions ns to the 

(2) A condenser in which it is condonscd limits of tomporaluro. Ratlior than intra¬ 
nt T t . A typical form of this organ would duco this complication, it is worth whilo to 
bo a sin faco condenser in which tlio working make tho slight sacrifice of thovmodynamio 
fluid gives up its heat to circulating water. offioieiioy which is involved in letting thoooin- 

(3) An oxpraiBion cylinder in which it pressed fluid pass hack to tho low-pressuro sido 

expands from T, to T’ a . of tho apparatus through an expansion-valvo 

(<(:) An evaporator in which it takes up instead of through a oylindor in wliieh it would 
hont at Tj from tho cold body from wliieh do work in oxpamling to tlio lower pressure, 
heat in to bo extracted. This vessel iB some- In tho usual typo of vapour-compression 
times called the “ refrigerator.” refrigerating machine, accordingly, tho oxpan- 

In iicaiiy all refrigerating machines tho sion oylindor is omitted, and the organs are 
expansion oylindor is omitted for reasons of thoso shown dingminmulically in Fiy, 2, 
practical convenience, and tho fluid streams They are (1) tho compression oylindor R j 
from (2) to {*!) through a throttlo vnlvo with (2) a condonBor A such ns a coil of pipo 
an adjustable oponing, called tho " regulator'' cooled by circulating water, in which tho 
or oxpansicm-valvo.” In passing tho ox- working subslanoo is condonscd under a rela- 
panskm-valvo tlio pressure of tho working fluid livoly high prosBuro and at tho upper limit 
falls to that of tho evaporator ; its tompora- of tompomturo T t ; (3) nil expansion-vnlvo 
turo falls to T a and part of it becomes ovapor- or regulator H through which it streams from 
ntod boforo it begins to tako in heat from tho A to 0; (4) tho evaporator C, in which it 
cold liotly. is vaporised at a low’ pressure by taking 
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Ft«, l .—auction of Ammonia Compression Cylinder. 


in heat from the cold body at the lower limit the vapour or wet mixture in (ho cylinder 
of temperature. The evaporator may for until its pressure heroines equal to that in A. 
instance lie a eoil of pipe fixed in the cold This compression reduces the volume of the 
chamber (generally near the ceiling) and fluid in tho cylinder to V 2 . The valve lending 
taking in heat from the surrounding atmosphere to A then opens, and the hack stroke is com- 
of that chamber; often it is a coil placed plctcd under a uniform pressure while the 
in a fault and surrounded hy cold circulating working substance is discharged into A and 
«/ brine which serves as a condensed there. Tho valves of tliu eom- 

_vehicle for convoying heat pressor are spring valves which open mid close 

's. to tho working substance automatically in cnuHcq notion of tho elmtiges 
from a cold chum in pressure, and me situated in the cover of 
bor or from cans the cylinder in such a manner ns to make 
^s. tho clearance negligibly smnll. For tho same 

reason tho ends of the piston are 
V) — often curved. Tlieso fen lanes me 

' ^ • " illustrated in Fig. -I, which is a 

sectional drawing of an ammonia 

-— -- compression cylinder showing the 

Fia. 3.—Indicator Diagram of Compression Cylinder. form of tho piston and the arrange- 

nionls of tho admission and delivery 
fill- ice-making or other objects that me to ho valves at each end. To complete tho oyolo, 
refrigerated. tho aomo quantity of working mihstanco is 

Tho action of tho compression cylinder allowod to pass directly from A to () through 
is shown by tho indicator diagram, Fig. 3. tho expansion-valve R. 

During tho forward stroke of tho compressor Tho tomporatiiro T, at whioh oomlonsnlion 
tlio valve lending to A is shut and that lending takes plneo is in practice necessarily a good 
from 0 is open. A volume V, of tho work- deal higher than that of tho circulating water 
ing vapour is lalcon in from (! at a uniform hy whioh tho condenser iH kept cool, for a largo 
pressure corresponding to tho lowor limit T a . amount of heat 1ms to lie dinoharged from tho 
In most notual oases what is taken in is not oondonsing vapour in a limited time. .Hub it is 
dry-saturated vapour but a wot mixture, tho important that tho condensed liquid should ho 
wetness of which is regulated by adjusting tho brought as nearly ns possible to tho lowest tem- 
oxpnnsion-valvo it. This is in order that tho pomturo of tho available water-supply before 
subsequent compression may not produce it passes tho expansion-valve, though it may 


muoh, if any, superheating. It is possihlo to Imvo boon condensed at a considerably liighor 
make tho compression wholly "wet” by temporaturo, and sometimes n supplementary 
taking in a sufficiently wot mixture: more vessel called a“ cooler” isadilectforthiftpiirposo. 
generally tho oxpunsion-volvo is adjusted so Tho oomploto vapour-compression cycle ia 
Clint tho vapour is modorntoly wot to begin oxhibited in tho entropy.tomporainro diagram 
with, and becomes slightly suporlieatcd by of Fig. 5, which is drawn for ammonia as 
compression. At tho end of tho forward working substance, nnd Fig. (1, whioh is drawn 
slroko tho valvo loading from C closes, and for carbonic acid. Thorn dg and ch nro 
tho piston is forced to move back, compressing portions of the boundary curves of tho liquid 
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mid the vapour in tin; sit limited shite. The 
point « represents the condition <>f the mixture 
which is dnnvn into the compression cylinder 
when compression is about to begin ; its 
wetnoHs is measured by tins ratio ahjtjh. The 
lino ah roprcsenls adiabatic compression to 
the pressure of the condenser. 'Che next 
proccHM consists of cooling ami condensing 
nt this constant pressure; it is made np of 
three stages, be-, cd, and de. In the first stage, 
be, tins miporhoated vapour is cooled to the 
tonipornturo at which con¬ 
densation begins; in the next jt 

stage.!, cd, tho vii)ioiu* is com- _ Irr .. 

pletnly condensed; in the J 

third. Htage, de, the con- 
donnixl liquid is cooled to the 
lowtsafc available temperature 
before it pusses the ox- 
panaion-vftlvo. The lines 
be, cd, ami da form ]iarts 
of ouo lino of constant 
pressuro. In the diagram 
for ammonia, Fig. fi, de is 
practically indistinguishable 


the amount of heat taken in from the cold 
body, is represented by the area under the 
line fu, measured down to n base-line corre¬ 
sponding to the absolute zero of tempera¬ 
ture (see “ Thermodynamics ” {jt> (24) and 
(42)). 

Tho amount of heat rejected during 
cooling and condensation of the 
vapour and subsequent cooling of 
the condensed liquid is the area 
under tho lines he, cd, and da. 



> 


a 


l‘'ia, 6.—Tho Vnixiui-comproMKlon Cycle, using Ammonia. 


from tho boundary lino, but in the diagram for 
carbonic acid, Fin, tlio distinction is very 
Apparent because we arc there dealing with a 
liquid that is highly cmnpossiblo i n eon* 
sequence of its neariioBS to the critical stale. 
Tlio lino cf represents the process of passing 
through the expansion-valve, in which the 
pressuro falls to that of tlto.evaporator. This 
process takoH place too quickly for any sub¬ 
stantial amount of heat to outer the flu ill from 







li’ia. 0.—The Vaiiour-comiiression Cycle, lining Carbonic Acid. 


outside ; consequently cf is a lino of constant 
total heat, for in a throttling process the total 
heat I does not change (“ Thermodynamics,’" 
§ (32)). As a result of passing tho oxpunsion- 
valvo tho working substanoo conics into tho 
condition shown by tho point /. Tho pro¬ 
portion. which is converted into vapour by tlio 
not of passing tho valvo is shown by tho ratio 
f/f/ijk. Lastly, we have tlio process of effective 
evaporation when tho substanoo is usefully 
extracting heat from the brine or other cold 
body, by evaporating in the refrigerator. This 
is represented by tho lino fa, during which tho 
dryness changes from gf/gh to gafgh. 

Tho refrigerating offoot, that is to say, 


Tho thermal equivalent of the work 
spent in carrying the working suhstanco 
til rough the complete cycle—which is simply 
the work spent on it in tho compressor— 
is the difference between those two quantities. 
,1b should he noted that tho work spoilt is 
nob measured by the urea iibalefii, enclosed 
by the lines which represent 
tlio complete cycle, because 
tho cycle includes the ir¬ 
reversible stop cf. In oimso- 
qnonce of that tho work 
spent is greater than the 
enclosed area by tho area 
under tho Jino cf. 

When onrbonio noid is 
used as tho working sub¬ 
stance, tho temperature of 
tho cooling water may ho 
so high that tho pressure) 
h during cooling is above 
tho critical pressure. This 
enso is illustrated in Fig. 7. 
then . becomes a continuous 



Tho lino be 
curve lying entirely outside of tho boundary 
curve, Tho working substanoo passes from 
tho state of a superheated vapour at b 
to tho stalo at c without any si ago corre¬ 
sponding to cd in Fig, fl, in which it is 
a mixture of liquid and vapour. As 
before, tlio refrigerating effect is measured 
by tho area under fa ; the heat rejected to 
tho cooling water is measured by the area 
under be .; tho difference botweon Uicho two 
quantities measures tho work spent, and is 
greater than tho area of tlio closed figura 
ubefa by the area under tlio irreversible 
stop cf. Even when tlio temperature o£ 
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the cooling water is ahovo the critical 
temperature, a substantial amount of re¬ 
frigerating effect is obtained, though the 
thermodynamic efficiency of . tho cycle is 
less than when tho upper limit is low 
enough to allow the compressed gas to boeonio 
lit] uid. 

In ail those vapour-compression oyelcs tho 
conditions are to some extent ideal, for it is 
assumed that tho compression ab is adiabatic, 
and that in passing tho cxpnnsion-valvo tho 
substance takes in no heat by conduction. 
Untlor these conditions tho rofrigerating 
effect, the work of compression, and tho 



Fia, 7— Cyolo for Cnrbcmio Acid, with Compression above tho Critical 
l’ressurc. 


boat rojcctcd may very usofully ho expressed 
ns follows in terms of tho total heat of 
tho substance at tho various stagos of tho 
oporntion. 

Tho refrigerating offeot. that is to say tho 
amount of heat taken in from tho cold body, 
~ is I„ - If, whoro J„ is tho total boat at a and 
1/ > s tho total heat at /, This is liecauso tho 
(reversible) oporntion fa is offooted at constant 
pressure. For tho same reason tho amount 
of heat rejected to tho condonsor and cooler 
is If, ~ I P , whoro fclmso quantities dcsignato the 
total heat at b and at e respectively. Furthor, 
since in tho process ef of passing tho oxpansion- 
valvo thore is no ehango of total boat, I/=I t . 
Wo may thorefore stnto tho amount of boat 
l'ojootcd ns R ~I f , 

Again, tho work spout in tho compressor 
is (in thormal units) I,, -1„. It is the thermal 
equivalent of tho aron of tho indioator diagram 

in Fig, 3, namely A VdP, which is equal 

to I/, —1„ by tho general principle proved in 
"Thcrmodyminium,” §(38). 

That theso results are in agreement with ono 
another is scon by considering tho hoat-aoeount 
of the oyolo ns a whole : 

Work spout client rojcctcd-Heat takon in. 

R-I,, = (I 4 -I,) - (I,, -1/). 


§ (3) PlUUi’OIlMANCM OV A MaOIIINK.—T llO 
coefficient of performance, which is tho ratio of 
tho boat takon in from tho cold body to tho 
work spent in tho compressor, is 

i* - i« 

Honco estimates of porformanco aro easy 
when wo can find tho total heat of tho liquid 
just before the oxpnnsion-valvo, and that 
of tho vapour before 
and nftor compression. 
Theso quantities aro 
most readily found by 
representing tho cyolio 
jH'ocess on a Mollior 
ohart of entropy <j> and 
total lieat I for tho given 
working substance. Fairly 
comploto data are avnit- 
ablo for ammonia, oar lion io 
acid, and sulphurous acid, 
and It p oharts for theso 
substances will bo found 
in a Report of tho Re¬ 
frigeration Research Com¬ 
mittee of tho Institution 
of Mechanical Engineers 
(Min, Proa, Inst, Meek. 
Eng., Oct. 101*1), 

In drawing such oharts 
a geometrical dovieo is re¬ 


sorted to for tho purpose of making thodingrnmn 
at onoo ojion and com [met, with tho effect that 
measurements may bo made with sufficient no- 
curacy on a ohart of reasonable si/.o. This 
dovieo, which Mollior originally nilojitcd in 
drawing liis I./. chart for carbonic acid, is to 
uso oblique co-ordinaloH. The lines of constant 
I ftro horizontal; the lines of constant </>, instead 
of being pcrpcndieulnr to thorn, arc inclined at 
a small angle. Tho result is that when the 
chart is drawn the ouiTOB on it are sheared 
ovor, ns compared with tho form they would 
iiavo on a chart with rectangular axes, and 
there is a gain in dearness and in tho precision 
with winch one may measure tho changes of 
total heat that occur in tho several stages of 
tho vapour-compression process. Fig, 8 shows, 
on a small sonic, an Iff, chart, with obliquo 
co-ordinates, for ammonia, and Fig. 0 shows 
ono for cnvbonio aoid. Lines of constant 
pressure and linos of constant tompomluro arc 
drawn, and, in the wot region, lines of con¬ 
stant dryness. (Of. “Thermodynamics,"§ (42)). 
In oaoh case tho region useful in refrigeration 
is inoludod, and in Fig. 9 tho region extends 
both above and below tho critical point. On 
such charts it is easy to draw the ideal diagram 
for any nssigned temperatures of evaporation, 
condensation, and subsequont cooling, and for 
any assigned wetness at tho beginning of com- 
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condensation is to occur. Tito temperature 
reached in the process of compression is soon 
by the position of li among the lines of constant 
temperature. When compression begins at 
a point such as a it involves somo superheating. 
But if the mixture is so wet to begin with that 
the adiabatic compression lino through a docs 
not cross the boundary eurve before the upper 
limit of pressure is readied, there is no super¬ 


heating, and in that case the process is spoken 
of as “ wot ” compression. This would require 
the compression to have begun at a c instead 
of a, liy beginning at a it carries the substance 
into the region of superheat before compression 
is completed at b. Noxt wo have the constant- 
pressure process of cooling and condensation 
and further cooling, represented in its threo 
stages by the lines bn, al, and de, the position 
..c . fu-nU i„. n,.. temperature to which 
bo oooted before it 
'"a. Thou a hori¬ 


zontal straight lino through c (a lino of constant 
total heat) represents the process of .streaming 
through the oxpansion-valvo, and determines 
ft point /, on the evaporation line, which 
exhibits the condition in which the substance, 
enters the evaporator. The process of evapora¬ 
tion fa, which is the clleetivo refrigerating 
process, completes the cycle. The. values of 
!;,* Ik and If (which is the same as J e ) nro. 


rend directly by measurement from tho olmrt, 
and from them the work spent in compressing 
tho substance, which is Iand tho 
refrigerating effect, which is are 

determined. The position of tho starting- 
point a, between a c and a,, which determines 
how far tho compression will bo wot or dry, 
does not greatly affect tho thormodynamio i 
oiTioienoy of tho process. Botwe.cn tho two 
oxtremes there is a certain degree of initial / 
dryness which gives a slightly higher co- i 
ofliolent t*f porformnneo than is obtained either ' 
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Oy Ht-fti ting ns at «, with dry vapour or as nt «„ 
w *Gi h mixture so wot that compression does 
r n ‘‘ uirjro than vaporise the liquid it contains. 
Oie position of a for maximum efficiency may 
))° Ecmrnl thus: 'I'lie refrigerating effect for 
tt "y position of the compression .starting-point 
(t is proportional on some .scale to the length 
f"\ The work spent in compressing the 
ilniil ia proportional, on another scale, to the 
length ah. lfeneo tho position of the com¬ 
pression lino nb which will give the highest 
cooflioient of performance is that which gives 



Urn smallest ratio 
of nb to fa. This 
position is found 
hy drawing a 
tangent from / to 
tho mirvo of con¬ 
stant prosHiiro 
(lcb v The com¬ 
pression lino nb 
is thou drawn through tho 
point of contaot b, and this 
fixes a ns tho starting-point 
for maximum offioionoy in 
the ideal oyolo with adiabatic 
compression. 

It docs not follow that fclio 
same degreo of initini wot- 
ncss would givo tho maxi¬ 
mum coefficient in- a, real 
compressor, for tho por- 
formamso of a real machine is complicated 
hy tivuisfors of heat hetwcon the working 
substance ami the metal. In gonoral such 
transfers will bo less when the working sub¬ 
stance is dry. On the other hand, with a wot 
mixture, wluit is called tho volumotrio e/Iioiency 
of the apparatus is greator, since a huger 
<| uantity of the working suhstaneo passes 
through the machine for every mthic foot swept 
through by tho piston, and this tends to rcduco 
tho proportion of tlioso losses that anno from 
mechanical friction, and from radiation and 
conduction between tho apparatus and its 
environment. 


1-’K1. 10. 


Incidentally, Fi</. 10 illustrates tho loss of 
refrigerating effect that would result from 
omitting to cool tho condensed working fluid 
down to the lowest available temperature 
before it passes through the valve. If instead 
of being cooled to 1 ij° G. it wero allowed to puss 
through the valve when its tompernturo is 
still 2;"3° (J. (the teiiijiorntiiro of condensation), 
tho operation of passing tho valve would hi? 
shown by the lino ilf <h and tho process of 
ofibotivo evaporation would begin from the 
state f, t instead of the atuto /. 

Whatever lie the working substance, an 
essential feature of any vapour-compression 
refrigerating mnehino is that the vapour must 
bo pumped up from tho low-pressure region 
in which it has been evaporated to tho high- 
pressure region in which it is to ho condensed. 
Hut this pumping up may bo ofTocted in more 
than one way. Tho usual way is by means 
of a oylindor and piston, und so long ns tho 
vapour-pressuro is moderately high tho uso 
of a compressing piston is quite satisfactory. 
Ihit when tho vapour-pressuro is very low, ns 
it would bo if water wero used for the working 
substance, the volume to bo swopt through by 
a compressing piston would ho ho huge as 
to bo very inoonvoniont, and tho amount of 
work whioh would bo wasted through friction 
between tho piston and cylinder would bo an 
excessive addition to tho legitimate work of 
compression. Not only would the machine 
bo oxcocdiugly bulky but its practical oilicioncy 
would bo exceedingly low. At 0° <J„ for 
oxnmplo, tile density of water-vapour is so 
small limb about 305 cubic feet of it are 
required to absorb ns much latent heat ns nno 
eubio foot of ammonia-vapour. Hence to uso 
water-vapour ns a rofrigemting agent somo 
appliftiioo must lie resorted to whioh wilt 
avoid tho bulk ami Motional waste of an 
ordinary compression pump. One such appli- 
aneo is an ojootor or jet pump, in which an 
auxiliary stream of vapour, supplied at a 
oomparativoly high pressure, forniB a motive 
jot whioh drags with it tho vapour (o bo 
“ aspirated, 1 ’ namely tho vapour whioh lias 
been formed by evaporation at low pressure, 
so that both pass on together to bo condensed. 
An independent supply of steam at a higher 
pressure forms the motive jet. It acquires a 
high velooity in a discharge nov.zlo of the typo 
which first converges and then diverges. The 
low-pressure vapour to lie aspirated is allowed 
to outer the no/./.lo, from the side, at tho 
reduced section, wlioro tho velocity is greatest 
and tho pressure is least. Tho jet communi¬ 
cates somo of its momentum to that vapour, 
and tho mixed stream passes on to the con- 
donsor through tho divergent channel, losing 
velocity and gaining pressure as it goes. 
This enables the pressure of tlio working sub¬ 
stance to rise from tlio lower limit at which 
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tho aspirated vapour is formed to tlio higher 
limit at which it is condensed. In refrigerat¬ 
ing machines constructed to act in this way 
the quantity of vapour in the motive jet is as 
much as throe or even five times the quantity 
that is aspirated. Tlio thermodynamic clliei- 
emey of tlio mothod is found on trinl to bo 
only moderate, but the apparatus has advan¬ 
tages in point of simplicity and in the absence 
of any working substance other than water. 
It has been applied not only to cool wator, 
but nlso to maintain a tomporaturo consider¬ 
ably below 0° C., in which caso brine is sub¬ 
stituted for fresh wator ns tlio working sub¬ 
stance whose vapour is aspirated, and tho 
cooled brine is prevented from becoming too 
dense by systematically returning to it enough 
water to compensate for tho evaporation. 

§ (4) Rkphiokuation by Comi*ui:ssion and 
Expansion op Aiii, — So long ns tho working 
substance in any refrigerating maohino is a 
vapour which becomes liquefied during tho 
operation, it is practicable, as wo havo scon, 
to disponso with tho expansion cylinder. Tho 
step-down in tomporaturo, which occurs while 
the substance passes the oxpansion-valvo, is 
an oxumplo of tlio .Toiilo-Thomson cooling olToot 
of throttling (boo “ Thermodynamics,” § (50)), 
This olToot is largo when tho substance is 
n mixture of liquid and vapour. It is also 
targe in a gas near its critical point, and lionco 
a machine using carbonic acid under tropical 
conditions can bo olTeetivo without an ex¬ 
pansion cylinder although tho substanoo may 
not havo boon liquefied under compression. 

A gas near its critical point is vory far from 
perfect and does not ovon approximately 
conform to Joule’s Law. A gas which con¬ 
forms to that law would suffer no slop-down 
of tomporaturo in passing an oxpansion-valvo, 
With a gas such as air, which is noarly porfoot 
at tho tompomturos and pressures that occur 
in ordinary refrigeration, tho stop-down 
would bo too small to serve tlio desired purpose, 
Hence with air for working substance an 
expansion cylinder becomes an essential part 
of tho maohino, Refrigerating machines 
which uso air, and cool it by moans of expan¬ 
sion in a oyliudor in which it docs work 
ngainst a piston, are amongst tho oldest 
ofleotivo moans of producing cold by meohani- 
cnl agency. They are still used for the direct 
oooling of tho atmosphere of .cold stores, but 
Ihoir uso is now less common, bee a use machines 
in which tho working substance is a condonsiblo 
vapour aro not only moro compact but givo 
a bettor thermodynamic return for tho work 
spoilt in driving thorn. Historically, refrigerat¬ 
ing machines which use air aro important, for 
it was by their successful uso that tho oold- 
stonigo industry was created and tho business 
was established of convoying rofn'goratod 
cargoes overseas, 


Tho air • machines which aro in notiml 
uso operate by taking in a portion of air 
from tho chamber that is to ho kept cold, 
compressing it more or less adiahiitieally 
with the result that its temperature rises 
considerably above that of tho available 
wator supply, then extracting heat from it 
in tlio compressed state by means of eircufal- 
ing water, then expanding it in a cylinder in 
which it does work, with tho result that its 
initial pressure is restored and its tomporaturo 
falls greatly below tho initial temperature. 
It is then returned into tlio atmosphoro of 
the cold chamber, with which it mixes ; tlio 
object hoing either to lower tho temperature 
in tho chamber or to keep it from rising through 
lenkago of heat from outside. This typo is 
known as the Boll-Ooleimm air-machiiio. 

As applied to tlio cooling of a chnnibor 
suoh ns a cold store or tho hold of a ship, 



Coolor A 

Fro. 11.—(Irwins of an Air-mnchlno, 


tho apparatus takes tho form shown diagram* 
matieally in Fig, II. In tho phase of notion 
shown there tlio pistons are moving towards 
the left. Air from the cold oliambor C is 
being drawn into tho compression cylinder 

M. In the return stroke it will ho compressed 
from one atmosphoro to about four, with the 
result that its temperature may he raised to 
1,10° 0. or higher It is delivered under this 
pressure to tho cooler A, where it gives up heat 
to the circulating water and conics down to 
nenr atmosphorio tomporaturo. It then passes, 
still at high pressure, to tho expansion oyliudor 

N, where it doos work in expanding down to 
tho original pressure of about one atmosphoro 
and thereby becomes very cold, reaching a 
temperature of perhaps -60° O. or -70° 0., 
in which condition it is returned to the cold 
chamber. An ideal indicator diagram for 
tlio wliolo oyolo is given in Fig. 12, where fciic. 
shows tlio notion nf tlio compression cylinder 
and eaclf shows that of tho expansion cylinder. 
Tho area abed measures tho not amount of 
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that is expended. In the diagram the 
compression mid expansion are both treated 
adiabatic, anti the volume of A as well ns 
that of C is assumed to ho so large that during 
delivery of the air its pressure does not sensibly 
ehft.ii.jyje. Writing K„ for the specific heat of 
air ah constant pressure, anil T (1 , T,„ T„ and 
Y f<11 ' the toinperatnro of the wording air, at 
11,0 Points a , b , C -, mid d of the diagram, wo have 
Qa ■= K J( (T* - T (l ) for tlio heat rejected to the 


cooling water, and Qc=K ; ,(T c -T (/ ) for the 
heat usefully ex¬ 
tracted from the 
cold chamber. 
Tlio net amount 
of work expended 
is equal to 



Pm. 12.—Indlcntor Diagram of Air-machine. 


Qa -Qo. Tho coefficient of porfoumuico is 
Qi7(Qa - Qt.O* tho ratio of temperatures 

m thu adiabntio expansion of a gas doponds 
on tho ratio of volumes, 

'IV^Ty fmm whidl T' 

. 

J.his uooflicicnt of performance is low liconuso 
of tho very large range of temperature through 
which tho working air is curried. For this 
reason, mu! also bconuso of groatcr frictional 
losses, an aofcual air-muchino gives insults tlint 
compare unfavourably with those obtained by 
using vapour compression. 

In tho working of air-machines tlio prcsonco 
of moisture has to ho reckoned with. Tho 
air Homing from tho cold chamber is more 
.< ir * 0HH saturated : during expansion it becomes 
cupersaturatiui, and tho water from it would bo 
do posited as snow in tho expansion oylindor, 
and might intorforo with tho notion of tho 
mculuminni if preventive devices wore not 
introduced. One suoh dovico in to divide 
tho whole expansion into two stages by oinking 
it com pound. In tho first atago tlio expansion 
is enrrietl only far enough to cool the air to 
a temperature just nhovo tho freezing-point. 
In that way nearly all tho moisturo is 
deposited in tho form of water, and is easily 
drained «way boforo tho final stage, which 
would freeze it, begins. Another dovico is 
to omdonso out most of tlio moisture before 
oxpanHion, iiy passing tlio compressed air 
through pipes, oallod drying pipes, which 
vor,. r 


bring its temperature down to near til 
freezing-point before it enters tlio expansion 
cylinder. 

5 (5) Dcrkct Application of If hat to pro 
duck CJoi.D. Absorption Machines .—As wm 
mentioned at the beginning of this article 
in .some refrigerating appliances thcro is n< 
application of mechanical power: the ngonl 
is heat, which is supplied from a high, 
temperature source, and is employed in such 
a way as to cause another quantity of heat 
to pass from a cold body and to ho discharged 
at u temperature intermediate between that 
of tho cold body and the hot source. Such 
machines act by tho absorption of one sub¬ 
stance by another, to form a solution oi 
compound, and the subsequent separation oi 
tlm constituents by the agency of heat. In 
such machines tho ofticicncy of tlio action 
from tho thormodynnmie point of view is 
measured by tlio heat ratio QJQ, where Q„ is 
tho heat extracted from the cold body, and Q 
is tho high-temperature heat which is'snpplicd 
to carry out tlio operation. 

A typical oxamplc is tho iimmonia-nbsorp- 
tion refrigerating machine, in which tho 
vapour of ammonia is alternately dissolved 
by cold water under a relatively low pressure, 
and distilled from solution in water under a 
relatively high pressure by the notion of boat, 
Tin- ammonia vapour, driven off by applying 
heat to it solution, is condensed in a vessel 
which is kept coo) by means of circulating 
water. In this way anhydrous liquid ammonia 
is obtained at high pressure, which (just us 
in a compression maeln'uo) is then allowed to 
puss through an oxpnnNion-vnlvn into a coil 
or vessel forming the ovapomtor. A low- 
pressure) is maintained in tho evaporator by 
causing tho ovaporatod vapour to pass into 
another vessel, called tho absorber, whore it 
Qomcs into contncl with cold water in which 
it becomes dissolved. When tlio water in tlio 
absorber has taken up a suflicicnt proportion 
of ammonia, it in turn is heated to give off 
tho vapour again under high pressure. In tho 
simplest form of tho apparatus tlio same vcssol 
serves alternately ns absorbin' and as generator 
or dintillor. For continuous working thorn me 
sopamto vessels, and the rich solution is 
transferred from tho absorber to tho generator 
by a small pump, whilo the water from which 
ammonia hns boon expelled flows back to the 
absorber to dissolve more nmrnoiiin, The 
Bohoine of such an apparatus is shown diagram- 
matieully in Fiy. 13. Heat is applied to the 
solution in tho generator by means of a steam- 
coil. The gas passes oil at top to the oondensor, 
then through the expansion or regulating valve 
to tho evaporator, and then on to tho absorber, 
where it moots a ourronfc of water or vory 
weak solution that bus come over from the 
bottom of tho generator. Uetwcon tho 

2 v 
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generator and absorber is the intorohangcr, 
a device for economising boat by taking it 
from the water that is returning to tho 
absorber, and giving it to tho rich solution 
that is being pumped into the generator. This 
rich solution is delivered at. the top of tho 
column in tho generator; as tho liquid parts 
with the ammonia it becomes denser and falls 
to the bottom, whoro it escapes to the absorber 
through an adjustable valvo. When wntor 
absorbs ammonia a largo amount of boat is 
given out. Hcnoo the absorber as well as tho 
condenser has to bo kopt cool by means of 
ciroulating wator or othorwiso. Under the 
most favourable conditions tho quantity of 
heat which such a machine takes in from the 

n cokl body is considerably 
loss than tho quantity of 
high-tompemturo heat that 


^/s<orc/if||)gcr 


Coiulonaorhc 


Itogiilatlng I'ltluo 


J>’l o. I a.—Organs of an Ammonia Absorption 
Machine. 


changer, It is obvious that a bettor thormodynaimo 
aking it result would be attainable if the process of 
to tho absorption of tho vapour were attended by tho 
solution giving out of loss heat than is equivalent to 
r. This tho latent heat of tho vapour itself. This is 
i of tho tho case in a process patented by Mr. W. W. 
id parts Seay, in which ammonia vapour unites with 
md falls certain anhydrous salts, for which it 1ms 
absorber much affinity, such as the sulphocyanido of 
il wator ammonium (NHjONS), or tho nitrate, bromide, 
boat is or iodide. Any one of Iheso salts forms a 
11 as tho suitable absorbent. Tho ammonia vapour 
leans of unites with the dry salt to form a liquid 
idor tho solution, from which the. ammonia vapour 
ntity of can again bo driven off by tho application 
'rom the of heat, leaving the salt dry and ready to 
idorably servo again as tho absorbent. Tho vapour 
llity of is strictly anhydrous, for no water is present 
lent that in the working substance at any stage. Tho 
heat givon out during absorption of tho 
ammonia vapour by the suit is substantially 
j less than the latent heat of tho vapour ilself 

11 at the sanio pressure, for part is taken up 

—=||=— in liquefying tho salt. Similarly, the heat 

A bsorber L— required to effect a separation of ammonia 
vapour from tho salt is substantially less 
than tho latent boat of tho vapour, for part 
is supplied by the solidification of tho salt. 
Consequently, when this process is mado uso 
|( of for tho purpose of refrigeration, the ratio 

ijlf of tho heat which is extracted from tho cold 

If body to tho high-tompomturo beat, which is 

- - supplied to the generator, would bo gicntor 

Rofrloar- biinn unity, if it wore not for such losses ns 
or occur through imperfection in the working, 

t atop Practical difficulties in tho use of such salts 
; arise from tho fact of their turning solid 

dk. during tho operation, and from tlioir tendoncy 

to not oliomioally on the metal of containing 
vessels. 

Any applianoo for tho production of cold 
lorptlon *’y W’ 0 agency of heat requires a supply of 
heat at a tomporaturo higher than that of 


lias to 1)0 supplied, for it needs a greater 
number of thermal units to sopamto ammonia 
gas from solution in water than simply 
to evaporate tho same amount of liquid 
ammonia. 

In another typo of absorption machine 
water-vapour is the substance which is 
absorbed : it is taken up by sulphuric acid, 
from which it may again bo separated by tho 
agency of boat. Such a nmohinc has boon 
used for ioo-making, tho evaporation of part 
of tho water sorving to froozo tho rest. In 
this onso also the heat ratio, namely, the ratio 
of heat usefully extracted to boat supplied, 
is less than unity, for it takes inoro heat to 
separate tho vapour of water from a sulphuric- 
nciid solution than from pure water. It is a 
familiar fact that whon wator is mixed with 
sulphuric acid much boat is givon out. 


tho surroundings. There arc necessarily 
threo temperatures to ho considered: (1) tho 
low tomporaturo I’., of tho cold body from 
which boat is being oxtraetod ; (2) tho inter¬ 
mediate tomporaturo T, of. tho available 
condensing water or other “ sink " into which 
boat can bo rejected; and (II) tho high 
tomporaturo T of tho souroo from which heat 
is supplied to perform tho operation. Any 
such appliance may bo regarded as equivalent 
to tho combination of a motor or hcat-ongino 
driving a refrigerator or heat-pump (Fig. 14). 
A quantity Q of high-tompomturo heat goes 
in at one place, and thereby causes a quantity 
Qj of low-tomporaturo boat to go iu at,another 
placo. Heat is rejected at tho intermediate 
temperature 'I',, and tho beat ho rojcctcd is 
equal to tho sum of Q ancl Q a , for no work is 
done by tho appliance or spent upon it us a 
whole. This description applies whether tho 
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a Pl>lium:e is actually a mechanical combination 
(> f a heat-engine with n heat-pump, or in an 
absorption machine with no conversion of 
boat into work and work into heat. In either 
°asf» wo Jiavo to consider what is the ideally 
greatest ratio of the low - tempera turn heat 
Q 21 which in extracted from tho cold body, to 
the high-temperature or driving heat Q, when 
tho fchreo temperatures T a , T Jf and T avo 
assigned. 

Suppose, first, that tho machine consists 
°f a perfect (reversible) heat-engine driving 



a perfect (reversible) heat-pump. Then it is 
otihy to calculate tho ratio of tho boat extracted 
Qa to tho boat supplied Q. Writing W for tlto 
heat-equivalent of tho work dovoloped in tho 
heat-ongino and employed to drive tho hoat- 
piunp, wo have 

W _Q(T-T 1 ) 

sinoo tho heat-ongino is roversiblo. Again, 
since the heat-pump is also roversiblo, 

„ Q 2 {T, - T a ) 

““ rp. 

Hence Qa T 2 (T — ) 

Q~T(Tr-T a T' 

which gives tho required ratio of bouts. 

§ (0) Efiuoienoy ok AuaoRPTroN Trooesses. 
—'I’lia imjjortanco of this result lies in tho 
faot that no other method of applying heat to 
pvoduco cold cun give a higher ratio of T 9 
to Q, tho three temperatures T, T,, and Q, 
being assigned. To prove this, imngino tho 
combination of roversiblo hoat-ongino and 
revorsiblo heat-puinp to ho rovorsed ; it will 
thou givo nut an amount of boat equal to Q 
to the hot. body and an amount equal to Q 2 
to tho cold body, and it will tako in an amount 
oqu al to Q -i- Q 2 from tho intermediate body 
at '.['i. It will still develop no work ns a 
whole, nor require work to bo spent in driving 
it. Imagine further that botweon tho hot 


body and tho cold one there aro two appliances 
working—botli using tho sumo intermediate 
temperature—one of which is this reversed 
combination, and tho other is a refrigerating 
machine (such as an absorption machine) whoso 
eilieienoy wo wish to compare with that of 
the combination. Then if it wore possible for 
that machine to have a higher eilieienoy than 
the combination, it would extract moro heat 
than Q.. from tho cold body for the same 
expenditure of high-temperature heat Q. 
Hence, when both work together, namely, tho 
s combination working reversed and the other 
■' machine working direct, tho cold body would 
lose heat while on tho whole the hot body 
would lose none. In other words, we should 
then have an impossible result, namely, a 
simple transfer of heat, by a purely self-acting 
agency, from a cold body at r J' 3 to a warmor 
body at T„ the intermediate lompomturo. 
3 Tho agency would ho self-acting in the sense 
of being actuated by no form of energy, 
mechanical, thonnal, or other. Such a result 
would bo a violation of the Second Law of 
Thermodynamics. Tho conclusion is thni no 
means of employing heat to produco cold, 
whethor directly ns in an absorption machine, 

> or indirectly ns in a compression mneliino 
driven by an engine, can ho more offieiont (for 
the same tlirco tom ]hi returns) than tho com¬ 
bination of a reversible heat-engine driving a 
roversiblo heat-pump. Ilonco the expression 
Qa_'r 2 (T - T\) 

Q -T a ) 

measures tho ideally greatest ratio of heat 
extracted to.heat supplied. Any real appliance 
will show a mnallor heat-ratio in consequence 
of irrovorsihlo features in its notion. 

It is instructive to consider tliia notion in 
relation to the entropy of tho systom an a 
whole. So long ns tire notion is completely 
roversiblo, tho ontropy of tho system does not 
ohango, Tho nbovo expression may ho written 
in tho form 

^(T 1 -T J )=|(T-T 1 ), 

from which 

1 i a 

This expresses tho conservation of ontropy 
for tho comploto roversiblo operation. Tho 
ontropy of tho systom ns a wholo does not 
ohango, for tho term on tho loft is tho gain 
of entropy by tho body at T, to which heat is 
rejected; the two tonne on tho right aro the 
losses of entropy by tho hot body and cold 
body respectively. Tho wholo action may ho 
regarded ns a transfer of entropy from two 
sources at T and T 2 , to an intermediate sink 
at'Pj. So long ns the action is roversiblo this 
transfer occurs without, affecting tho nggrogato 
ontropy, but if it is not completely reversible 
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tho aggregate entropy will increase ; in that 
ease tho term on tho left becomes greater 
than the sum of the terms on the right. 

Again, tho equation shows that, under 
rovorsihle conditions, the product of tho 
ontropy lost by the hot source (through the 
removal of tho heat Q.) into tho drop in tem¬ 
perature which that, heat undorgooa, namely, 
from T to 'J',, is equal to tho product of the 
entropy lost by tho cold body into tho rise 
of temperature of tho abstracted heat Q 2 . 
Each of these products is in fact a measure 
of W, tho work which tho hent-ongino produces 
and the heat-pump consumes in tho ideal 
combination of rovorsiblo engine with rovorsiblo 
pump. 

A meohauionl analogue to tins thermal 
operation is obtained if one thinks of a machino 
for lifting water in a bucket from a low level 
to an intermediate level, by lotting wator 
oomo down in another bucket from a high 
level to tho sumo intermediate lovel. If tho 
buckets are cunncotcd by Motionless pulloys 
the operation is mechanically rovorsiblo. Lot 
JT, H„ M,j represent tho height of tho high 
level, the intermediate lovel, and the low level 
respectively, nbnvo any eonvoniotit datum 
lovel. Then tho energy equation is 

M(M-I[ 1 )=M a (Il 1 -lI a ), 

whoro Til is tho woiglit of water that comes 
down from H to H t , and ST a is tho woight of 
water that is lifted from H a to H,. On 
comparing this with tho above equation for a 
corresponding rovorsiblo thermal process, it 
will he scon that tho analogue of woiglit of 
■water is not quantity of boat, but ontropy, 
namely, the quantity of heat divided by tho 
tompomturo of supply. 

Tho reversible thermal operation may bo 
represented by means of an entropy tompora- 
fcuro diagram {Fig. 15). Thoro tho area abon 
represents tho boat which is supplied at tho 
high tompomturo T; and tho area abed ro¬ 
ll resents tho work which would ho dono in 
a perfect heat-engine by lotting down that 
quantity of boat from T to tho lower lovel 
T l . Between tho given levels of tompomturo 
'L\ and 'i’ 3 draw a rectangle defy whoso area 
in oqual to tho area abed, and produce ef to 
moot the base line for zero temperature in »«. 
Then the area fynm represents tho refrigerat¬ 
ing effect, namely tiio heal extracted from 
tho cold body at T t . Tho nmouut of lieat 
discharged at the intermediate lovel 'L’j is 
equal to the area earn, whioh is equal to tho 
Hum of tho areas a bon and fynm. 

§ (7) Tim ltnimruKHATiNO Maohimh as a 
Mj«ahh OF Waiimiko.—I n any such appliance, 
•••'•'ither reversible or not, tho quantity of heat 

. 1 - ‘ 11 - intermediate tompomturo T\ is 

.supplied at tho higher 

Mat raised from tho 


low temperaturo T 2 , and may, ns wc havo 
scon, ho much greater, This fact is tho basis 
of an interesting suggestion made by Kolvin 
in 1852, that in the warming of rooms it would 
ho thermally iuoro economical to apply tho 
heat got from burning coal in this indirect 
way than to discharge it into tho room to be 
warmed. Tho thermodynamic value of liigli- 
tomperaturo heat is wasted if wo allow it 
directly to entor a comparatively cold sub¬ 
stance. That value might ho better utilised 
by employing tho high-tomporatiiro heat to 
pump up mnro heat, taken in from, say, tho 
outsido atmosphere, to tho level to whioh tho 
room is to bo warmed. By using, for example, 



quantity of heat through tho small range that 
is required, and consequently to produce a 
much greater warming effect. Similarly, if a 
supply of power from any source is avail¬ 
able as a moans of warming to a modern to 
tompomturo, it will bo turned to bettor account 
for that purpose if wo sot it to drivo a heat- 
pump than if wo simply convert it into heat. 

For methods of producing oxtromo cold 
in a gas, by tho cumulative uso of tho Joule- 
Thomson cooling offcot in passing a throttle- 
valve, in conjunction with a thermal intcr- 
changor which enables tho stream of gas that 
has passed tho valve to extract heat from tho 
stream that is still on its way to tho valve, 
boo tho article on “ Liquefaction of Gases.” In 
that article, as in this one, tho writer hns 
followed tho linos of treatment developed in 
his hooks on Thermodynamic,a for Engineers, 
and The Mechanical Production of Cold (Oainb. 
Univ. Press), to which reference should Ijo 
made for further particulars. 
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liBKIthlKIlAToUH, Nl'KOIKlO JI EAT OK LIQUIDS 
uhkj> koii, determined by tho olootiieal 
method. Non “ Galorimotry, Electrical 
Methods of," Ij (7). 

Itl'Hl UN BHAT IV 1-1 ( .'ooi,i no. Nee “ Gases, Liquo.- 
flioliotl of,” 

Rj'Hl HN BltATOH, NtIHI.INO’H AN 1) EiUOSHOn’.H. 

Noe “ Thermodynamics,” tj (27). 

..Iti'HiNAiiiiT, L801, compared giiH tliormninotom 
with secondary standards of temperature ' 
in range non" (,n KiOO". Son "Tom|>em- I 
Iaiid, Realisation of Absolute Neale of,” 

, § (»») (v.). 

Experiments of, in determination of Latent 
Hunt oT iSUmni. Nee “ Latent flout,” 

HU(i.) 

Rkcimaui.t’h Law. Son “Engines, Thermo¬ 
dynamics of Internal ('ombiiHtinn,” Ij{ir>). 
Rbiikat ,I*’aotoh. Son “ Turbine, Develop- 
i no lit of Urn Nlcinn,” J} {HI); “Steam 
Turbine, Physios of," jj (8). 
ltl!MI-mV«)lUS KOU iSvilllAOK OK llAINKAI.t,. 8(H) 
“ Hydraulics," {j (ID). 

Ukhihtanob, Vauyinu Giiujimt, (Jomphnhation 
win, in temperature indicators of Mm mllli- 
voltmotor typo. Hon '‘TlmrmooouiiloH," § (H). 
Ukhihtanob JIiiiiuikm kou Tiikhmomhtrki 
W o iik, tSi'o “ Resistance ThorniomotorH," 

S(7). 

Ukhihtanob Gobkkioibnt, Non-Dimknhionai., 
io nt tub Motion ok a Body tiikoiimii a 
V iHomm Ei.um. Nun 11 Dyiiambiil Nimi- 
Imity, Tim Rrinoiplos of,” § (ID). 
Rkhi.htanoh min to l'Yuin Motion ovisit a 
N oun IfoiiNDAUY. Nun “ Krhition,” jj (LI). 
Rkmi.stanob Manomktbhh, Ekbotiuoai,. Non 
“ I’rosnuro, Measurement of,” § (III). 
Ukhihtanob ok Noun Bombs wiibn towjcd 
in Fuunn, Non “Erlet-ion,’* §(l-l). 
IlKHIKTANOB TIIHKMOMBTBlt 1 

Standardised at 0°, 100", mid 'Md-fi 0 (!., gives 
tom pom In res idniifinal with tlm gas hoiiIu 
up to 1080" (!. Nun " Resistance Thermo¬ 
meters," jj ( 18 ). 

.Stain In I'disulion of, for tempomtuivs up to 
0(H)", Noe ibid, jj (M). 

'UhikI to dnlnriuino Low Temperatures, by 
Ilolbomaud Winn in 11)01. Hoty ibid. § (17). 

1 f KN I .STAND 10 Ti IEI tMOM ET10UN 

§ (I) llrHTotiTOAi.,■-Tho foundation of a 
method for tho measurement of temjirraturo 
hauoil on Mm change of resistance of platinum 
is duo to Nir William NionmiiH, who in 1.871 
constructed a pmutlnal form of pyronmtnr on 
fliin priimipln. Ifu uIho devised an ingenious 
form of resistance bridge, with tho object of 
eliminating imcortidnlicH dim to change in tho 
renistimoo of tho leads, consequent on Mio 
variations in tho dnpth of immersion of tho 
jiyi'ornotov stem in tlm hot region. 

' Tho ooiiHlmotioiuil dot-ails of tho early 


that a sheath of 


Fireclay - 


Niomon pyromotora wore unsatisfactory. Tho 
platinum wire was wound on a pipooluy 
cylinder and enclosed in a tubo of wrought iron. 

A committee of tlio British Association, 
appointed in 1872-78 to test those pyrometers, 
made an unfavourable report on their per¬ 
manency, and for some years this method of 
temperature measurement foil into disuse. 
.Professor A. W. Williamson, Chairman of the 
British Association Committee, suggested that 
the changes in the resistance of the platinum 
worn due to the reducing atmosphere produced 
liy the highly heated iron casing, which would 
cause tho platinum to combine with a trace 
tif the reduced silicon taken From tho pipeclay 
cylinder. Analysis proved Mm truth of this 
theory, and pointed to tho desirability of an 
oxidising or neutral atmosphere around tho 
platinum wire. 

.Siemens showed later 
platinum eliminated this 
trouble, and b'ig, 1 
illustrates his improved 
typo of pyrometer. 

About this liino tho 
thermoelectric method of 
measuring temperature 
was being developed with 
conspicuous success by Lo 
Olmlelior in I'Tnuco and 
Ihirus in America. Tho 
simplicity of tho thermo¬ 
element and its direct 
reading indicator as com¬ 
pared with the resist unco 
thermometer outfits of 
those days, led to its 
general adoption in tho 
industries in proforonco to 
tho NiomoiiH pyrometer. 

Between 1887 and 1800 
the resistance thonno- 
motor ns a acton tide 
instrument roooivod 
thorough study in the 
hands of Gallondar, IS. II. 

(irirtiths, lfoycook, mid 
Neville, who proved ho- 
yond question its re¬ 
liability and extreme 
precision when tiHod with 
duo precautions and with appropriate oleotriiml 
appliances, 

jj (2) Oat,(.UNOah’s Rbhistanom Tijkhmo- 
mktbk. — Onllondar 1 in 188(1 made a direct 
determination of tho resistance of a particular 
specimen of platinum wire at various tempera¬ 
tures up to (100° (J. Tho platinum spiral was 
sealed into n hull) of the air thermometer by 
means of which the lomporatimi was obtained. 

By this device Cailender avoided one of the 
greatest experimental didioullics of that time 
‘ PM, Trans. Hoy. Sots, A, 1887, dxxviU. 
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in gas thermometry, viz. I ho maintenance hy 
gas heating of u largo enclosure at a constant 
and uniform Icinpcmture. 

(i.) The. (fas Tliermouirter. — II is apparatus is 
shown dingrti munition I ly in Pig. 2. The gas 
(liormojnolor was designed for both constant 
volumo and constant pressuro work. 

Instead of the customary practice of non- 
lining the gas by a column of mercury, n 
sulphuric imid gauge was employed, which 
increased tho sensitivity sevenfold, and also 
eliminated capillary orrors entnilod hy tlio use 
of a sin a II bore tube. 

Tho thermometer bulb was made from a 
piece of bard glass tubing, tho coefficient of 
cubical expansion being deduced from meusm-c- 
monta on a length of (he same tubing as that 
from which the bull) was made. It was 


of accuracy attainable in tho observations 
(about 1°), tho variation of resistance of 
platinum with temperature could lm repre¬ 
sented by a parabolic formula. 

Callcndar introduced nomcncdature which 
has since come into general use. 

Tho platinum tomporaturn pi is defined ns 

1"=]^":* io °- 

where U 0 is tho rosistanee at 0” (!., 

U, is the resistance at 100° 0., 

It is the resistance at /° O. 

Tim quantity It, - It n is generally referred 
to as the "fundamental Intorval ’’ (I'M.) of 
the* tliermomotor. 

Ho showed that the difference hctivcen the 
true tmnporatui’O /, as mcasurod hy tlic air 


VinFmi^w 






Qm thennomotor bulb 
in furnaoo 




Leads to 

resistance brldno 

Oil 

rnT 


ohflorvod that tho expansion was irregular, on 
aoconut of tlio structural and hysteresis changes 
in the glass, 

(ii.) The. Ue/tislancc Coif.—Tho ])]ntiuum wiro 
was 2 metros long liy O-Olfi cm. diameter, 
wound in the form of a spiral. Tho resistance 
nt room (oinporaturo was approximately 20 
ohms. By mi arrangement of double eloo- 
IrodcH (shown in the diagram) the rcsistaneo 
of the lend wiro outside tho uniformly heated 
region could lie allowed for. 

One end of the coil was led out through tho 
capillary connecting the hull) to the manometer 
(f'V//, II), A double lead of the same wiro, and 
which was coated with the same hard glass to 
imitate it exactly, was laid alongside. Tho 
other double lead consisted of 10 cm. of fine 
platinum wire, to tlm mid-point of which tho 
othor end of the spiral was fused. The lino 
wires were bent double and fused through tho 
glass, while tho projecting ends wore fused on 
to thick (0-000 cm.) platinum wires coated 
’til hard glass and laid alongside the others. 

ftcalstanco coll and loads 



tliermomotor, and tho platinum temperature 
pi was represented hy the parabolic formula 


Fro. 


ilufimnn nf l l 


'-•'Is u'hh determined 
mi amounted 
listanco. 

) tho degree 
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whore 5 is the coefficient for that particular 
sample of wiro and whoso numerical value is 
about l-f>. 

Tlio subsequent investigations of Cullondni 1 
and CSrifTitlis showed that this was generally 
true for wires of varying degree of purity, 
when tho appropriate values of tlm coefficient 
woro inserted in tlio parabolic formula. 

In a diroofc determination of tho boiling- 
point of sulphur with the gas thermomoter, 
they obtained tlio value -N't-fill 0 O., which was 
about 4° lower than that previously obtained 
by Regime It. 

In order to dotormino o they concluded that 
tho boiling-point of sulphur wm> tlio most 
suitable fixed point in cunjimolion with ice, 
and steam, for calibration purposes. 
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§ (!1) B FT RUMINATIONS OF THU BOILINO- 
point of SiimiUH. 1 —Subsequent to t.lio work 
n£ (hillomlar and Griffiths, numerous detor- 
minaliottH of l,lie boiling-point of sulphur have 
boon made, all of which have closely confirmed 
the value obtained by those investigators. 

In the course of their comparison of the 
rraistanco thermometer with the gas thermo¬ 
meter, Marker and Clmppuis, and IIolhorn 
and Henning, made some determinations of 
the boiling-point of sulphur on the gas scale, 
employing the resistance thermometer ns inter¬ 
mediary. Their values are indirect, insomuch 
that the gas thermometer was not directly 
employed to determine tho temperature of 
the sulphur vapour, hut nro entitled to full 
Wright, siuno tho resistance thermometer was 
directly compared with tho gas thermomotor 
in salt baths, at temperatures in tho vicinity 
of the sulphur boiling-point. 

Day and Busman (1012) mndo a direct de¬ 
termination of tho sulphur point, using a 


in the results obtained by the various observers 
since the time of Regnault is uncertainty in 
the coefficient of cubical expansion of the 
bulb material of the air thormometor. 

Fused quartz has the smallest coefficient of 
the materials available for tho construction of 
the bulb of gas thermometers, and a thermo¬ 
meter with a hull) of this material was used 
by Eumorfopoulos. 

Tho value 444-5 3 ° 0. is, at the present time, 
the generally accepted value for the boiling- 
point of sulphur on the thermodynamic scale 
in this country, although the value 444-G u ° 0. 
is used in America ami 444 , d 5 ° in Germany. 

§ (4) Purity of the Sulphur. —Ordinary 
commercial stick-sulphur manufactured by the 
“ Chance process ” is satisfactory, since no 
difference has been observed between its boiling- 
point and that of highly purified sulphur. 

Usually when sulphur is boiled for the first 
time volatile impurities distil off. A blaok 
residue (FeS) is generally found, but in tho 


(Ian Tiikumomktcii Determinations of the Hoilin(i-]'oint or Sm.iTitm mnoe 1800 


Dale. 

Author. 

Thermometer. 

(Ins. 

Pressure, 

nun. 

Original 
Figure, 0 C. 

l'hermodynnmlc 
Scale, ° 0. 

181)1) 

CallutiilnriindGriflUliH 

Constant pressure 

Air 

7(10 

444-53 

444-01 

11102 

4 i|ui]i|HiiH mill darker 

Cousinnt volume 

Nitrogen 

530 

441-70 

444-80 

11)08 

Numorfopmilos 

Constant presaure 

Air 

7(10 

444-05 
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Hydrogen 

023 

444-01 

444-01 

1011 

Mel horn and Henning 

Conslant volume •; 

Helium 

012 

444-:»tt 

• • 



l 

Nitrogen 

026 

■ • 


1012 

Day and Bosnian 

Constant volume 

Nitrogen 

002 

444-40 

444-50 

11)12 

Dickinson and Muollor 

Constant volume 

Nitrogen 

/ 

002 

410 

444-28 

444-36 

444-57 

10M 

Kumorfopoulos 

Constant pressure 

Nitrogen | 

702 

444*13 

444-53 

11)17 

Oliappnln 

Constant volumo 

Nitrogen 

000-0(14 

444-48 

444-59 
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of platinum-rhodium alloy. It was of 20.1 o.c. 
capacity, and tho nitrogen was under an initial 
proHsui e of 500 mm. of mercury. 

Great precautions wore talcen to climinato 
systematic errors. An aluminium shield sur¬ 
rounded tho built In the sulphur tube, to 
prevent the condensed sulphur from lowering 
its temperature below the true boiling-point. 

To ascertain whether tho temperature of 
tho walls of tho tube had any inlluenco, in 
Homo of the experiments tho oxtoruul jaokot 
was heated until tho tomperaturo of tho air 
gap was ns high as that of tho sulphur vapour 
within the tube. Provided tho tube ivas full 
of vapour, this produced no apparent change 
in the valno obtained. 

A diroot comparison of tho tomperaturo given 
by this form of apparatus with tho Moyer tube 
form of sulphur boiling apparatus {Fig. 17), 
devised by Calleudar and Griffiths, showed 
(i systematic difference of but 0-04° C. 

Tho probttblo source of the small divergences 

« Sec also “Temperature, llcnllantlon of Absoluto 
Scale of," S (35) (lv.). 


.. - - — O.. i. 

appears to have no influence. 

§ (fi) Variation with Pnussona of thk 
Boiling-point of Sulphur. —The inlluonco of 
pressure on tho boiling-point of sulphur is quite 
considerable in tho vicinity of 700 mm., an 
increase of I mm. in the baromotrio height 
raises tho boiling-point by approximately 0'09°. 

'The relation between tomperaturo and press¬ 
ure ovor the range of importance in practical 
work has been investigated by Holborn and 
Honning, by Harkor and Sexton (1908), and by 
Mueller and Burgess (1919). Tho results of these 
investigators a re in substantial agreement. Over 
the range 700 to 800 mm, pressure of mercury, 
tho relation between temperature and boiling- 
point may bo represented by tho formula 
t=t, + 0-0910{p - 7(50) - 0-000019(p - 7GO) 2 , 
whore t is tho boiling - point at pressure p, 
l, the boiling-point at 7 GO. 1 

Tho freezing-point of zinc (419-4° C.) is 
sometimes recommended as a third fixed 
point instead of sulphur. 

1 The formula nccoptcd by the Jlelcbsnnstnlt 13 
444°-55+0-0008(p- 700)- 0-000047<?)-700) 5 . 
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As I ho sulphur-point. in so wall established 
and ih.hi von ion I. (<> use, (hero do not appear to 
ho vory valid reasons for discarding it, in favour 
of a freezing-point dcicrniiiuilimi. 

§ ((>) (Jonktjukjtion or Platinum TiriiUM o- 
fitil'i'iOK.s. — I'iy. J represents the original typo 
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Tho coil is wound on u flat strip of mica, 
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of high . temperature resistance 
thermometer. Its chief defects mo 
Hie considerable lag in its indica¬ 
tions and (lie liability to contami¬ 
nation of tho platinum wire due 
to l-lio firenluy Connor oil which the 
mW noil is wound. 

./ILwillv Callendar and Orilliths devised 
the form on wluoh tho platinum 
noil was wound on a mica rack 
with leads of heavy platinum wire, 
A similar pair of wires to tho 
loads, in tho form of a loop, 
wore laid alongside. This loop 
was connected in tho opposite 
arm of the bridge so us to mini- 
ponsato for the resistance of tho 
lends to the eoil at all tem¬ 
peratures. 

/‘’ill. ■! illustrates a liermotieally 
Honied typo of thermometer de¬ 
signed by Professor 1C. II. tlrMUlis 
for lalieratory work of high pro- 
"iuion. By sealing the sheath it is 
possible to eliminate any possibil¬ 
ity of nioisturo eondensing on tho 
mien and impairing the insulation. 
Insulation troubles are frequent 
in high - resistance tbermomelers 
unless precautions are taken to 
prevent aoeess of moist air. 

Of tho various insulating 
materials hitherto investigated for 
high - temperature work, good 
quality mica has proved to he 
tho most satisfactory for thenno- 
im>tor construction. 

•Exposure to a temperature of 
about MOD" (.!. causes dehydration 
of (be mica, which in conscqueneo 
becomes silvery white and brittle. 

.1 f reasonable euro is taken it is 
quite satisfactory iu (bis condition. 

(i.) Ilcui.iluiicv The.rnumctc.rH for 
(hilorjmelrk ll'w£. — For calori¬ 
metric work it is desirable to have 
Fio. 4. a wnsitive tliormometer of small 
lug, so that its indication at any 
instant is a trim measure of the temperature 
of the liquid. 

Thermometers of the typo illustrated in Fig. <\ 
n ro satisfactory provided I he coil is made as light 
ns possible ami tho sheath of very thin glass. 

With the object of reducing tho thermometer 
lug to a minimum, Dickinson and Mueller 
Imvo developed, tho type of thermometer 
illustrated in Fig. />, 


IT 



and enclosed in a sheath of silver tubing 
flattened down to fit it closely, 
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Electrical insulation in effected by tho use 
of strips of mica somewhat wider tlmn that 
on which the coil is wound. 

I'Iuj leads aro made of thin strips of copper 
about one-tontli of a millimetre think and two 
or three millimetres wide. 

II the thermometer is of the compensating 
lead type the compensating loop is closed by 
^ piece of the same platinum wire ns that of 
which the coil is wound. 

All platinum joints aro mndo by fusing 
with an arc, using a pure graphito electrode, 
while tho copper platinum joints are made 
oithor by welding or with silver, using borax as 
flux, 

In the head of tho thermometer a drying 
eapBulo is arranged containing phosphorus 

pontoxicle. 

(ii.) Influence of the Parity of the Platinum .— 
A fairly accurate idea of tho purity of the 
platinum wire may bo formed from a 
consideration of its coefficients of resistance. 
Tho purest specimens give values of a (tho 
moan coefficient between 0° and 100° 0.) ns 
high n.s O'00:180 and 8 about 1-50 or slightly 
loan. Impure wire, on tho other hand, may 
gfvo values of a only (10 por cent of tho above 
and of 8 up to Ml. 

Tho parabolic formula lias been found to 
hold rigorously when tho purity does not 
vary vory far from tho first-named values. 
When a thermometer is ennatruoteri of impure 
wire it is generally found that tho zero will 
not ram am constant after oxpoBliro to high 
temperatures, and consequently tho reliability 
of the instrument is impaired. 

Since only u small quantity of tho material 
is required, it is advisable to wind tho coil 
of tho purest platinum obtainable. Tho heavy 
wire loads may bo of commercially pure wire. 

For work up to tomporatures of fi0l)° C. 
silver loads aro quite satinfactory, provided 
mi intermediate picco of platinum is introduced 
hotwcon tho lino wires and tlio silver, so as to 
avoid tho risk of contamination in tho auto¬ 
genous welding. 

Above 1100“ 0. tho volatilisation of tho 
silver causes contamination of tho platinum 
coil and also deterioration of tho insulation 
of the mica rack. 

(iii.) Test of Insulation Resistance. — The 
prosonco of moisture in the thermometer, duo 
to a leak or to exhaustion of tho drying 
material, may occur. Tho resulting phenomena 
aro vory characteristic and easily recognised. 
If tho bridge, with tho thermometer in circuit 
and galvanometer circuit closed-and a key in 
tho battery circuit, is balanced by adjusting 
resistance with tho battery key oiosod, then 
on opening tho battery circuit thoro will ho 
a largo deflection of the galvnnomotor, which 
gradually diminishes, and on closing it again 
another large deflection in tho opposite 


direction. Tho latter slowly diminishes if 
•the circuit is kept closed. This phenomenon 
is readily distinguished from that due to tho 
use of an excessive measuring current, by the 
absence of tho galvanometer deflection in tho 
latter case when tho battery circuit is opened. 

Tho prescueo of moisture also reduces the 
insulation resistance between the coil and 
sheath. This insulation resistance iB easily 
tested and should exceed 200 megohms. 

§ (7) Resistance. BrumiES adapted for 
Tiikiimomktiuc Work. —The requirements of 
platinum thermometry differ in many respects 
from those of ordinary resistance comparison 
work. 

Compensation for the resistance of tiro 
lends necessitates tho uso of a bridge with 
equal ratio arms. Another requirement is 
that it should bo eapablo of measuring changes 
in resistance to a high order of accuracy. For 
example, a tliormomotcr constructed with a 
resistance coil of 2-fifl ohms at 0° will have an 
incroaso in resistance of about 1 ohm when 
healed to 101)° 0. Hence to mensuro tempera¬ 
tures to t Jsj° demands resistance measurements 
nr.'l'(f#tli of an ohm. 

.Tu prnutico this presents little difficulty, 
sinco linlatico to the nearest 0*05 is obtained 
by tho sot of coils, and final Imlaneo obtained 
by means of u bridge wire or Bet of shunted 
coils. 

In resistance thermometry wo arc only 
concerned with changes of resistance; the 
absolute value of the unit employed is of 
liltlo consequence, provided tho relative values 
of tho epils aro nooumtoly known. 

Mothods of calibrating tho bridgo coils and 
wire are described later. 

Types of Resistance Bridges— (i.) Siemens' 
Three-lead Bridge. 

— This bridgo is ( -—(/)- 

primarily of his¬ 
torical into rest ns 
representing tho 
first attempt to 
eliminate lend re¬ 
sistance in plat¬ 
inum thermometry 
work. 

Fig. 0 shows tho 
connections, 

Tho coils Q and- 
S «ro tho equal 
ratio arms. The 
thermometer coil 
P has three loads 
connected in tho 



lla. 0.—Siemens’ Three- 
lend lirldgc. 

Q and 8, ratio arms; 1?. 
tliormomotcr coll; L, and 
J,j, equal lends. 

manner shown in dia¬ 


gram. 

Tho lead h, is adjusted in tho construction 
of tho thermometer equal to L s . When It 
is adjusted equal to P tho bridgo is balanced 
and tho lead resistance completely eliminated, 
Tho defect of this form of bridge is that a 
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filiflo wire luumol; lift used in connection with 
It (o m ensure minute changes of resistance. 

’L'hi.H difficulty can, iiowevor, lie surmounted 
l>y the use of n sot of shunt coils of fcho type 
described Inter in connection with shunted 
coil bridges, Olio setting would thou dotor- 
iniiie the resistance and henoo the tempera lure. 

Siemens’ procedure was to shunt ono of 
the ratio arms and calibrate empirically. 

(it.) The. Oallandar mid OriJJitha Bridge .—The 
connections on this bridge are shown in Fit/. ,. 

ft was evolved for 
uso with the com¬ 
pensating leads 
typo of thermo¬ 
meter. 

I u the latest 
typo of bridgo 
manufactured by 
the On in bridge 
Soioiitilio Instru¬ 
ment Co., mercury 
eotitaotH of the form shown in Fig. 8 replace 
the usual plugs. 

The ends of the onil are soldered to brass 
posts terminating in moroury cups. A 
i i-slmped bur is carried by a light spring, 



Km, 7. 



Kid. 8, 

A, spill))!; It, n-HhaiKul Imr (enmiur link); 0 anil 
<Jj, moroury nips; I), wclahtiid plug; 1-1, HprbiR- 
Ikfntoj K, helical Bprlnu; (1, opening; II, bridKC 
top; 1C, moroury; It, coll, 


which is depressed when the weighted plug .1) 
is insortod into tho hole G. 

In modern resistance bridgfts tho coils aro 
of nmngnnin and .immersed in woll-stirred 
oil — a good grade of paraffin oil is quite 

on ,.j. e. .. 11 • 

small temporn- 
also a very 
oior, in this 


respect affording a marker] contrast to 
ooiistaiktnn or eureka, which has an KM.K. 
of about do microvolts per degree against 
cop])er. 

Mnngnnm is, however, subject to gradual 
changes of resistance and consequently the 
coils require calibration from time to time. 

Recent experiments by Rosa and by Smith 
have shown that the shellac varnish coating 
of resistance coils absorbs moisture and in the 
accompanying change of volume strains aro 
sot up in the wire. To eliminate this effect 
of humidity, present - day standard coils 
are hermetically scaled, using moisture-free 
paraffin. This mode of construction might 
well ho applied to the coils of resistance 
bridges. 

The bridge wire is usually of nmngnnin, and 
both it and the contact maker are immersed in 
tho oil. 

Ji’or industrial use llio sensitive typo of 
resistance thermometer, bridge, and galvano¬ 
meter are out of tho question, and several 
modifications have I men evolved with a view 
to obtaining robustness combined with ample, 
if modaraln, sensitivity. 

In the Whipple indicator the resistance 
box is replaced by a long bridge wire wound 
spirally cm a drum. A sensitive pivoted 
galvanometer is lixed in the top of tho enso 
and balance obtained by rotating the drum, 
Tho instrument lias a scale graduated directly 
in ”(!., and readings may easily be taken to 
about I,- 0 in the range O' 1 to 1100" (!. 

(iii.) Calorimetric Bridge.. —Messrs. Dickinson 
and Mueller have arranged the equal arm 
bridge 1 in a convenient form for calorimetric 
work. The wiring diagram is shown in Fig. 9; 
it will lio observed that, while the lmlanco 
of such a bridge is adjustable at three points, 
the contact resistance at these throe points 
aro so placed as to have a minimum effect 
upon the aeeuraey of the bridge. 

The slide wire contact is in series with tho 
battery. Tho contacts of the rheostats It 
and ft, are ouch in series with a ratio coil of 
200 ohms or over, where, even though consider¬ 
able contact resistance wore present, tho 
pmioutugo effect would bo small. This 
arrangement of tho Wheatstono Bridge also 
has the advantage of maintaining an almost 
constant resistance at the terminals of tho 
galvanometer for all bridge settings, thus 
maintaining both constant damping conditions 
and dolleotions proportional to tho want of 
balance for nil bridge settings. 

The rheostat It provides for the adjustment 
of tho bridge by coarse steps, and the rheostat 
It, by lino stops, while llio total continuous 
slido wire is properly proportioned to ho 
equivalent in its total to ono atop on It, with 

1 Manufactured by tho Leeds and Northrup 
Company, 
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fin table overlap. The slide wire consists of 
eleven turns of manganin wire, wound spirally 
on a. marble cylinder, providing in effect a 
continuous scale 240 inches long. Ten turns 



of tiro alkie wiro nro equivalent to ono stop of 
the rheostat Up Ono half of the additional 
turn m located at (ho high end and the other 
nb tho low end of the scale, thus providing the 
overlap for stops on R t . Ono turn of tho 
slide wiro is equivalent to -01 ohm or approxi¬ 
mately *1° 0. in a thermometer whose U„ is 
approximately 20-11 ohms. As there are 200 
divisions in each turn, | of ono division 
(oqun.1 to a distance of inoh) is approxi¬ 
mately equivalent to -0001° C. Tho rheostat 
R, is composed of ton -1 ohm coils and hence 
divers a rango of approximately 10“ 0. by 
stops of 1° (J, Tho rheostat R is oompoaod 
of ten 1 ohm coils, thus covering a range 
of IOO° 0. An additional -ii ohm resistance, 
whoso principal function is dcsoribed below, 
extends tho range an additional 5° 0., thus 
ntnkiny tho over-all range 110° 0. Tho coils 
of tiro rheostat Il A must iio adjusted to an 
accuracy of -00001 ohm, this being equivalent 
to ■0001° 0. in the resistance thormomotov, 
hcnco bile plug of this decade may ho shifted 
during a test. On tho other hand, tho coils 
of tho rheostat R are each 1 ohm. To adjust 
theso to an aeoumoy of -00001 ohm would be 
useless, since tho manganin will not remain 
constant to tAtj per cent, which would ho 
tho accurnoy of such an adjustment. Hcnco, 
tho plug of tho rheostat R should not bo 
distributed during any ono test. To guard 
against tho nccossiby of disturbing R, a -5 ohm 
resistance, which may bo inoludod in the circuit 
at wilt, is connected in series with tho rheostat 
R,, between tho posts T 0 and T n . If tho 
initial tomporatnro of a test requires a sotting 
in tho upper half of tho rhonstnt Ri with tho 
thermometer lead oonneoted, a rise of tompora* 


l.uro during the test might readily require the 
plug R to be moved in order to maintain 
balance. To avoid this, the thermometer 
lead may ho connected at T 4 ohm at the begin¬ 
ning of the test so that the 
balance point will bo in tho 
lower half of tho rheostat R,, 
and a subsequent rise of a° 0. 
may be measured without 
touching R. 

(iv.) Potentiometer Method 
of measuring Resistance. —Tho 
well-known potentiometer 
method for determining resist¬ 
ances, by comparison with a 
standard, inis been applied to 
resistance thermometry. 

The thermometer coil has 
four leads; two current and 
two potential; the current from 
a steady battery is passed 
through a standard oil immersed 
resistance coil and the thermo¬ 
meter coll in sorics. By measur¬ 
ing the full of potential across 
tho two coils separately, the resistances may 
bo calculated in tho usual manner. 

(v.) Smith's Difference Bridge. —In this form 
of bridge the connections arc so arranged 
that by two ob¬ 
servations and a 
reversal of con¬ 
nections the re¬ 
sistance of the 
leads is eliminated 
without requiring 
absolute equality Fu , lo.-igmlth’s Difference 
of lend resistance. bridge. 

Fig. 10 shows 1», thermometer coll; ,T.|. 
the disposition of kg* n( fej Oft 

tho bndgo eon- currant lead; K, adjustable 
noctions for tho arm of bridge; Snml Q, eiiiinl 
first balance posi- ’’ m0 " n " T CUP 

lion. I 1 is tho 

thermometer coil with current toads L t and 
L 4 and potential loads L, ami L r 
Q and S aro oqital or nearly equal ratio 
arms, and R is the 
adjustable arm of 
the bridge. 

When the bal¬ 
ance is obtained, 
then 

Q 




P+L,=g(R + L s ). 


Tho connections 
aro then transposed by a mcroury switch, 
so that tho potential lead L a is disconnected 
from R and joined to S; L s to R; tho Imttory 
lead from L A to L, t ; and P and R are 
interchanged. 

Fig. 11 represents tho connections. 
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On rnliiilaiuiing 

IM-L a ^(lt' + L 3 ). 

Now Q has boon adjusted during tlio con¬ 
struction of tho bridge to bo very nearly equal 
fco S, ho that wo enn put 

g = (»+«>. 

wlioro a is n small quantity. Then 
l 1 =—" {H - lV-i-L a - L 3 +«(R' -i-L 3 ) }. 

If Q,-S witliin 2 purls in 10,000, thou 
a 0-0002. So Unit 1* is equal to A(lt-l- IV) 
within 2 purls in 100 millions, assuming L a = L v 
If L 3 ami L a each have a rosislunco of 0-1 ohm, 
but differ by 10 per coni, then tho error 
introduced by neglecting a and taking the 
equation I’-1( lt-i-.lt') as exact is equivalent 
to about 0-0001° 0. on a thermometer with 
I’M. of 1 ohm. 

Tho reversals which have been indioated 
above are conveniently made by means of a 
six-polo mercury contact-switch with connec¬ 
tions ns shown in Fig. 12. Thick copper links, 
ft, l>, and aro attached to an ebonite disc 
movable on a vortical axis. Tho change over 
is effected by lifting clear of the mercury cups, 
rotating through 00° and then lowering. Tho 
second position of the links is shown dotted 
in Fig. 12. It is, of course, easy to arrange 



I'h l<a, I'j, T<i leads to tho thermometer coll ; () 
and H, ratio imus ; It, variable arm of bridge; l\ 
IIleraiometer coll; it, h, e, heavy copper links dl])ideg 
Into mercury cups. 

for tho oliango in posiliou of tlio battery lead 
to bo made simultaneously by con fuels at¬ 
tached to the same disc. 

Thin bridge method possesses one unique 
advantage, insomuch that it eliminates lead 
resistance without assuming absolute equality 
between tho loads. On tlio other band, it 
suffers under tho disadvantage of requiring 
two settings for enoh resistance reading, and 
that six con tacts have to bo broken and inado ; 
the contact resistances being assumed im- 
olumgod. 

If tho loads are made very nearly equal, 
li and IV will only differ by an oxtroiuoly 
wnnll nmount. This inoreases botli tlio speed 
of working and tho aooitraey, sinoo tlio abovo 
equation nssuniea reasonable identity in L a 
and L s . 


Hence the bridge is primarily of value when 
working at. steady tcinpeiuteres. 

It will be observed that a bridge wire cannot 
be employed. Small changes of resistance cun 
however, be obtained by means of shunted 
coils. The principle of this method is illus¬ 
trated by Fig, 12. 

The ten coils CD each of 0-1 ohm are in 
series; any number of llie coils El*’ can bo 
placed as a shunt across the corresponding 
number of coils in 01) by moving lha bur All. 

Consider the bar in 
the position marked O. 

Wo have then ten (H 
ohm coils slum tod by 
ten coils of ()■() ohms 
cadi. 

So the effective resist¬ 
ance is 

X I DU 
llmico 

Suppose now tho bar 
All is moved to position 
marked 1. 

We have now one noil 
of <H oil in in series with 
nine noils of 01 ohm shunted by nine coils 
of 0-1) oil ms. 

Jinnee, if V is the effeotivo resistance of the. 
hunted portion, 

1 ,. 1 

Y (H)'KD-r 
*Y "i 0*801. 

So Unit (he loial resistimee is given by 
()•!0*801 ~(MM)1. lienee moving the bar 
one step ban inerensud tho resistimee by (H)OI 
ohm. 

Similarly it can be shown that each atop 
Inis a eorrespimdiug nlfecl, so that the arrange- 
inent is eapable of giving a total morenso of 
0*01 ohm distributed over ten stops. 

It iH obvious that the studs could bo dis¬ 
tributed on a drain, so the movement of All 
would Ik* one of rotation. 

Fig, IT illustrates the R arm of a bridgo 
constructed on this principle. Roils of 0-01 
'dun mid upwards (apart from tho dials) have 
mercury contacts bridged by n-shaped pieces 
of copper. 

The tlireo dials aro employed to produce (lie 
small changes of resistance.' 

Tlio contact-brushes'enabio one or mere of 
the lower resistance coils to bo shunted by the 
higher resistance ones, tlio slum ting producing 
a diminution of tho total resistance. 1 

'As will lie explained later, in constant-currant 
brumes the arm It. In deereaseil In resistance will) 
Increase la resistimee of tlio platinum thermometer, 




% 

i 




I 


1 ,( J; ')•-"1 diiuriun of 
Shunted (ells (Smith 
.System). 

All, movable cross¬ 
bar; Cl), culls of u-i 

"I'l'nae'h: Ml*', slamt 
calls (D*l> nlims eucii). 




RESISTANCE THERMOMETERS 


701 


dcvion of shunted coils does nut involve 
a ".y Ri'eml accuracy in the adjustment of the 

L'* 1 »i’ instance, consider Llio 0*001 olun dial. 
Nniniiially the coils composing Uii» dial urn 
exactly (1*1 ohni mnl Oil ulmiH. If, however, 
Oio inij|n nil, badly adjusted. ho Unit, instead 



Ero. 14.—Diagram of It Arm of Itrlilgc. 

Tito roHlHhimi! rolls hi Ihclhmi illnl-i nro ok follows : 
llio ii-mil iUni ten resistances nf (i*| olun cueh 
and ton tii' (hi ikiuiiM i•acli. 

l;'oi- IliiHHIUOl illiil loll resistances of 0'(), r n)lnii ouch 
and l.ou of 04.115 iiliins each. 

II 111 IHKMilil illiil li'ii resistances of 0 01 olun 
each mid (mi of 1H'0 ohms each. 


of n roNisluium coil 1 1 >* 1 > ohms, it in lhW> 

oIjiuh, tlio change when Him rail m used as 11 
shunt t ofiiHluneo would lin five millionths of an 
ohm W«hh Minn (Midi. 

§ (M) TKMi'i'iUATimii Conviuii,.--W hile, in 
work of Mm highest precision, it in neociomry 
Lo 0011t.ro] Mm loin porn turn of tlui h rid go coils 
within narrow limits, n fair degree of uiuuirrtoy 
may lio ohtniiuHl hy applying tompomturo 
iKiriwotiiiiiH to the coil values. With munganiu 
iioila of guild quality measurements cum Im 
mucks to ftlioiit .1 part iu 2 ri,(K)d, if tho noil 
tmnpemluros nro known within I" or 2 ", unci 
thej inclIciutiotiHof a mercury UiormninoCor with 
it-H l.iiilli maw Mm (toils should given Clio coil 
tomporntures within thin limit, 

l<\ >r great aeoumoy tho hridgo tiuiHb Ini 
mounted in an nil hath nnd llmrinosluMo 
cioiil.ru! cnii|iloycid. A convenient nr run go men t 
in to have tho motor for oireulnliug tlui nil 
mounted on I.I10 hridgo Lop with ila axis 
vcu l ionl, and coupled a Horew propeller working 
in 11. vortical tulio, wliiehnlsu eoiilniiiH n Iionting 
oniL, Tlio oil in oircuilnlocl through tlio tulip, 
idling; tho hottcim of Mm Imx under a false 
bottom, thoimo upward and pant tho emits, uiicl 
Hirmi|?h flip Uiho again. A liquid-in-glass 
Mien no-regulator in mounted on tho lower Hide 
of tlin fahio liottom. 

Remistuneo moamiromenlH on a cupper uail 
mmintoil ia tho bridge ftiinilnr to tho sealed. 
(Miiln used for Mm 10-ohni and Rohm decades, 
and avmnged ho that its rosiHlimoc cuiild lie 
incmmired with tho hridgo, have Hlmwn that 
in Hindi (mils tlio fluctuations in the toinpem- 
tviro, tis tho rogulator opomlcd, nro almost 
comx>lotoly damped out. 


§ (9) ilBATINO ISv'KKUT OK TUB CmiKENT 
passim 1 Tit non in i Tim Tumicmom ktiiii Coii,.— 
hi order that tho thermometer hull) may ho of 
Hiiiall dimensions ami tlio Uioniioinotrin lag re- 
duoed to a miniiHum, Dio coil numfc lio made of 
wiiii of about (i mils in diamotnr, consequently 
tho heating ofl'oot of the measuring onrrent 011 
M10 value of the resistance is cpiito appreciable. 
Tho hridgo coils nro hii llioieiitly heavy mid well 
cooled lo rnuko the olTeol. on tho in negiigiblo, 
iioncin tho liiniling vnluo of (ho current in 
determined Kololy hy emission ilimin of tlio 
bhormniiiotor coil. 

At any given toinperaturo tho inorense in 
rcHiatimco is proportioiml to tho square of the 
oiii-ront. 

The Hiuno expenditure of walls at dift'oronb 
loiiilHimtnrOH does not, hmvover, produce tho 
aiimo heating olToot, sinco Mm rale* nf cooling 
of a surf see hy convection and radiation is a 
function of ils absolute) temperature. 

Tlio precise laws govorning tho phenomenon 
have not yet hum investigated, and it is only 
poHHiblo lo approxinmto to a constant heating 
olfect for all tompomluros hy keeping tho 
nurrent tlmnigh the tlu'i inninoler constant. 

Rnilcmdar slates: “Tho oooling olfeet of 
coiuhuitiim nucl convection currents in air in 
tlio tlioruu unctor lube itumniHes nearly in pro* 
|inrtlnn to llio iihsolulo lompomluro. Tlio 
elVect of nuliulion alnu heennies important at 
high tom pi 'in tu res, mid tho cooling is then 
nmro rapid. If, therefore, tlio watts nro kopt 
cuiistmit, tho hoating nlVoct will diminish ns 
tlio tomjiorulimi rises, nnd a miniII systematic) 
nrror will ho produced. Assuming that llio 
rate nf cooling inonvises ns tho absolute tom- 
poraturo 0, and tliuji llio walls nro kept cun- 
slant, tho limiting client at any lomjiomtnro 0 
is iTMtJH, ivhero h is Min healing ofl'oot in 
degrees nf tompovatni'o at 0" 

TliI h train of reaHoning lod (.Jiillendivr to 
conclude Mint a holler rule is In kcop tlio 
cnrrnd through tho llionnumolor the same at 
all temperatures, ns in that ouho tho heating 
clfcot also is nearly constant, if tho current 
Hows Hiiftioicmlly long for tlio slowly state) to 
ho attained. 

Tho tfthlo helmv shows the healing ofl'oot. of 
Mie measuring current on two lliermnmotors, 
using a eiirrent of 0*1 amp.—a current ten 
limes larger than Mint customary in precision 
work. 


Toimiornturo, 

U U. 

Increment of '.IVmiinnitin'o 
idicivu Kiimnmillims 
(Ida meter of Wire -16 mm.). 

0 

H)2° 

11(0 

1'OH 

44']-0 

|.«n 
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Jicneo, /«»!• llio usual value, of current) -01 
limp, the rise would ho -01 (i°, '017° nfc 0° mill 
100” respectively. 

The nliove values are of course only strictly 
n,{i|>lienhln to the particular thermometers in¬ 
vest iga ted. 

To eliminate the oiled, the following rule 
has fteen proposed by Cnllcndar: “Take 
away one-third tlio ililToreneo in reading when 
the buttery consists of two secondary colls in 
series and in parallel from tho rending when 
in parallol." 

§ (10) Modification on a Biiidoh to 
obtain Constant Cchuhnt tuhouoii the 
T iriiltMOMETKlt. — To satisfy tho condition of 
constant current through tho thermometer at 
all temperatures it is necessary either to vary 
the resistance in series with the battery accord¬ 
ing to n calculated table or arrange the bridge 
so that the resistance of each arm remains 
constant. 

To effect this it is only necessary to malco 
llii) value of tho arm It a fixed value greater 
than tho maximum over attained by tho thor- 
mmnoter coil, and then insert a variablo re¬ 
sistance (plugs and dials) in series with tlio 
thermometer to form the other arm of tho 
bridge. Under those conditions an inoronso in 
resistance of tho thermometer coil is counter¬ 
balanced by a doorcase in tho variablo resist- 
unco. In such a case the arm It may bo 
composed of simply ono coil of tho required 
value. 

'l’lio system of coils shown in Fig, 14 is 
arranged for this purpose. 

§ (11) Dutkumi nation on tub Biu dob 
Centum. — I n thermoniolors of tho compensated 
lend typo it is necessary to determine) tlio bridge 
centre from lima to time, as this is tho huso 
point from which tho resistance is measured. 
For this purpose the I’,, It, and (,\ ends 
of the leads should he short-circuited at the 
thermometer head. Any change with time 
in the resistance of the lloxiblo loads can 
thus he detected. It is sea reel y necessary 
to point out that tlio leads from t-fio bridge 
to tho thormometor should be approximately 
equal in resistance and the junctions well 
made. 

§ (12) Elimination on TilKUMOKMMmua 
Effects. — Ono of tho troublos of precision 
resistance measurements is tho thermoelectric 
effect in tho circuits, particularly under condi¬ 
tions whore there are big temperature gradients 
in the tlicrmomotor head. Tho mngnitudo 
of tlio effect is readily soon by dosing tho 
galvanometer key with the battery oireuit left- 
open. The galvanometer spot under tho 
c iron install cos will generally take up a now 
position, and tho movement is a measure of 
tlio thormocleelrio effects in tho Byatom. 

It is tho practice, therefore, to work with 
tlio galvanometer eirouit always completed mid 


observe the deflection when tho battery circuit 
is mado or reversed. 

Reversal of (lie battery is preferable, since 
this procedure permits tho heating olfcct of 
the current on tlio thormometor to become 
settled, and thus eliminate the initial drift 
when tho buttery is first made, owing to tho 
heating olTeot of tlio current on flic resistance. 

To eliminate induction effect Professor E, H. 
Griffiths devised a thermoelectric hoy. In this 
key there is a series of spring tongues so 
arranged that tho galvanomoter circuit is 
always made. When tlio key is depressed, 
tlio galvanometer circuit is broken moment¬ 
arily, the battery circuit completed, and then 
the galvanometer eirouit romndp. By this 
soqncuco the galvanometer circuit is open 
during tho period tlio current is growing in 
the eirouit, and consequently there is no in¬ 
ductive kick of the light spot. B is easy to 
arrango a battery reversal key on tlio name 
principle. 

The various junctions and connections in 
tlio keys are a frequent wiuroo of thermal 
JUI.lP., so it is advisable to thoroughly box 
in the entire key including the terminals; 
soino observers have oven found it dcsirablo 
to immerse tho koy in oil witli only tho Imndlo 
projecting. 

With tho non-inductive windings of tho 
resistance coils now' used the imluotiim effect 
is usually negligibly small, so it is suAloicnt 
to hnvo a plain battery reversal koy with an 
“ off ” position. 

§ ( 13 ) (Jam ii ration op Box Coins and IhtinoR 
WiiiK.—For platinum thermometry work tlio relative 
vnlucH only of the ooiln and bridge wire mo of import¬ 
ance. The method of calibration is closely analogous 
to Hint employed for the standardisation cf a act 
of weights. 

Instead of a tlicrmomotor a variable rheostat Is 
connected to tlio ].*„ l' a terminals of the bridge. This 
resistance must bo capable of fine adjustment; a 
convenient typo which cun readily lie oinmlritotcd 
is shown in Fig, 1/5. It consists of four dials of 10 
coils eaoll, the coil values being 0-1 ohm, 1 ohm, 10 
ohms, and 100 ohms respectively. A trough of 
meroury with a D-slmped piece of copper permits 
of fine adjustments. 

Tho method of construction will ho readily under¬ 
stand from the diagram. Knoll noil terminates in 
mercury oil pH, so that a movement of the bar outs 
out any number. Tlio coils of oourao need not bo 
ncoiirnlely known. 

As an alternative, ordinary I’.O. resistance boxes 
may bo used, ono box forming a Bhimt on tlio other. 

This method of successive shunts is, however, 
rather laborious. 

(«) Calibration of (he. lirhlgc. Il'tM. —To tho 
terminals 0, (J of the lirhlgc ia aonnealcd a short 
length of resistance wiro terminating in two massive 
pieces of copper, which arc drilled to oontain meroury 
cups. Then by tbo insertion of a O-shaped plcco of 
copper tbo resistance wire can bo sliort-circuited 
without interfering with its connections to the bridge. 
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The resistance of the wire should bo about 1 unit 
of the bridge wire. 

The variable rheostat is adjusted to bring the 
contact maker to one end of the bridge wire; to 
elYcnt this it will generally be necessary to withdraw 
a plug from the box. 

Thu bridge ia balanced in the usual maimer. Tho 
calibrator coil (connected to 0, (!) is then short- 
circuited and balance again obtained at a distance 
about 1 unit away on the bridge wire. The operation 
should be repeated a few times. 

Tho rheostat is readjusted so Hint a new position 
is taken up on the Imdgo wire adjacent to the second 
bnlanoing point and the operation repealed. By 
a series of such steps the. entire length of tho bridge 
wire may be covered, 

If wo supposu r to lie t ho resistance of the calibrator 
coil and l 2 tho lengths of wiro corresponding to it 
at various points, then 

^ «r, ota. 

'l 

Hence, by plotting graphically tho reciprocals of 
(„ l 2 , cto., ns ordinates with tho mean bridge wiro 


Assuming coil 1280 to be the highest in llio set. 
Then wo obtain the following series of equations : 
Coil 1280-(coils 040 to f5)=a-„ 

(.'oil 040- (coils 820 to f5)=.i' g 
Coil 320 — (coils 100 to 0)=a' 7 , etc. 

lty subtraction— 

Coil 1280 — 2 x coil G10=,r 0 -a- 8 
Coil CIO — 2 x coil 320 =.t b - x-j 

to Coil 10 - 2 x coil !i=x i —x l . 

Now tho values of aq, . . . x 0 in terms of coil 
5 arc already known from the previous ojieralions 
in connection with tho bridge wiro calibration. 

Hence the values of coils (MO to 10 in terms of 
coil f> may l»c found. 

Knowing the values of all tho coils in terms of 
coil f>, it is then ensy to express thorn all in terms 
of tho moan coil, and lienee in terms of tho mean 
box unit, a corresponding correction being mndc in 
tho integrations of tho bridge wire. 

It is preferable, however, to express tho coils 
ill terms of tho international ohm, mid this, of 


100 Ohms each 


10 Ohms ortc/i 


10hm eucli 


0-1 Olim oacli 



FIG. 1C. 


reading ns abscissae, a curve can bo obtained repre¬ 
senting tho variation in resisinnoo per unit length 
along tho Imdgo wiro. 

Tho values can ho converted into Uiobo of the 
“ menu box unit” referred to below, by obtaining 
tho resistance of a length of the liridgo wiro in (onus 
of one of tho box coils by tho usunl substitution 
tnolhod. 

(h) Calibration of the. Ilox Coils ,—For convenience 
it is assumed that tho coils aro arranged on tho 
binary system, and that tho nominal vnlues arc 5, 
It), 20, 40, 80, etc, 

Balanuo is obtained nl any convenient place on 
tho bridge wire by adjustment of tho variable rheo¬ 
stat; plug is then withdrawn mid tho oliango of 
bridge wire reading to restore balance observed. 'J’ho 
rheostat is readjusted to bring tho balanco point 
bnolt to approximately tho samo position ns when 
plug 5 was in; plug 10 is thou withdrawn, plug fi 
insorted, and tho oliango in bridge wire rending 
observed ns before. 

'J’ho same procedure is followed until the difleronco 
between tho highest coil in tho liridgo mid the sum 
of tho series below Is obtained in terms of a length 
of the bridge wire. 

Lot tho successive differnnoos in bridge wire read¬ 
ings bo aq, ft' 2 , . . , :c 0 . 


course, can ho tlono by ascertaining tho rcnistimco of 
a standard coll, say 10 ohms, on tho bridgo, 

By expressing tho coils in lorms of an absolute 
standard it is possible to keep nolo of tho variations 
with timo in tho ooils. 

Tho samo procedure is followed in tho calibration 
of a liridgo fitted with a set of shunted coils instead 
of a bridgo wire. For the* shunted coil dinlB tho 
changes of t ho shunted colls nro of far less importance, 
mid there is little difficulty in adjusting thorn to tho 
required ilegreo of noouraoy. 

They possess tho ndvantage of not being subjected 
to wear, as ib tho onso with n bridgo wire. 

§ (14) Standardisation or a Resistance 
Thermometer. —For temperatures up to (100° 
a platinum resistance tliormomoter is gener¬ 
ally standardised at tho tomporaturo of molt¬ 
ing ico (0° 0.), of tho vapour of water boiling 
under normal pressure (100° C.), and of tho 
vapourof sulphur boiling under normal pressure 
{444-5°). 

For the ice-point tho thermometer should 
he woll immersed in finely - crushed ioo 
moistened with water. Unless the thermo¬ 
meter has boon carefully scaled or provided 
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with a drying tube to prevent access of moist 
air, prolonged exposure to the low tomporatui-o 
will cause electrical leakage owing, to the 
deposition of moisture 
oil the mica. 

The stentn-point is de¬ 
termined in a standard 
form of hypsometor 
such as that shown in 
Fig. 16. It is advis¬ 
able to take precautions 
to proven t escape of 
steam rising around tho 
head of tho thermo¬ 
meter, as tho thermal 
offects produced arc 
apt to ho troublesome. 
Alternate readings of 
tho barometer and 
bridge should bo taken, 
mill correction made if 
necessary for tho differ¬ 
ence in lovol of tho 
the bnroniotor and 


fl 


r\ 


Fill, 10. 


niormiiy cistern of 
hypso meter, if tho difference in level is 
considerable. 

§ (15) Tub Sui.piiuh Boimnci-point.— Ex¬ 
periments with platinum resistance thermo¬ 
meters have shown Hint it is possiblo to 
measure tho tomporatnro of tho sulphur boiling- 
jioinfc with a precision of a few lOOtlis of a degree 
without difficulty. Consequently it is advan¬ 
tageous to specify tho conditions under which 
tho sulphur boiling-point is taken, so that tho 
point is reproducible to this degree of accuracy, 
ovoti although its absolute value may not, at 
present, ho known to ft hotter than £ of a 
degreo. During the past twonty-flvo years 
an imnienso amount of study has been givon 
to tho sulphur boiling-point apparatus so as 
to ascertain the magnitude and effect of any 
variations in conditions. Tho sumo precau¬ 
tions that have been found to bo necessary 
in ' taking the sulphur boiling - point arc 
applicable in a lessor degree to any other 
boiling-point determination, but tho sulphur 
boiling-point, on account of tho fact that 
it Borves as tho third fixed point for de¬ 
fining the tompomluro sonlo between -'10° 
and -|- 500° 0., 1ms rccoivod the most oxhaustivo 
study. 

Cullondar and Griffiths, in tho course of 
their work on tho development of thu resistance 
thermometer mothod, found that tiie tube 
of a Moyer apparatus was well adapted for 
boiling tho sulphur. Sco Fig. 17. 

They also found it necessary to fit tho ther¬ 
mo motor with an asbestos or aluminium cone 
ns shown in Fig, 17. This cone serves two 
purjmsea : (1) It prevents tho • condensed 

sulphur from running down over the bulb 
and cooling it below the tompomturo of tho 
surrounding vapour ; and (2) it eliminates 


direct radiation from the bulb to tho colder 
walls of the largo tube. 

They made a careful investigation of these 
effects; tho error 
due to tho first 
cause was found 
t o b e a I) o u t 
0-28°, while that 
d u o to t h o 
aocond cause 
amounted to 
0-49°; conse¬ 
quently un un¬ 
protected ther¬ 
mometer would 
read nearly a 
degreo low in 
sulphur. 

R a e o a 11 y n 
special stmly of 
tiro typo of mdia- pm. ^ 

tion shield to bo 

employed around tho thermometer Ims boon mmlo 
by Moeller and Jlurgcss. 

The vuriouH forms of shields investigated are shown 
in Fig. 18. It ivns noted that tho iron shields, cither 
with or without tho lower disc, gave practically tho 
same vulno for thu temperature, It was, however, 
found that when a polished shield of tho simplo 
cono type was used the readings were •2" low with 
a glass thermo meter, ami •( 12 " low with a porcelain 
onolomwl thurmometer. 'This ofleot was ilrst oh- 
served by Meissner, and sliown to bo dependent upon 
tho refloating power of tho interior of Dm shield. 
When tho aluminium cylinder typo was employed 
with the walls sharply corrugated to form a series 




Coin Umbrella Viul»«m Complete 
Cyllmlct en.l SfiitlJ 
i'IKI I’m.Mc 
Wio Cylinder 


Umbrella 
nnd . 

CorriiMiol 

ShlelJ 


lfia. 18. 


of wedges, which is there ft iro a good radiator, it 
was found to ho ns elfeutivo ns the olhor shields. 
Inadequate shielding is also usually iicoompanletl 
by considerable variations in temperature, Homo- 
limes amounting to (M°, when thu thermometer is 
displnocd vcrtlonily, but the absence of suoli varia¬ 
tion is not necessarily proof of adequate shielding. 
Nor docs it prove that thero is no superheating 
of tlio vapour, ns in one instance constant tempera¬ 
tures wore observed with a displacement of 4 om, 
where, owing to inaiifllolcnt depth of liquid sulphur 
in the tube, tho vapour was superheated about 


From their investigation Muollor and 
Burgess ottmo to tho conclusion that a simplo 
shoot-iron cylinder from 1J to 2J cm. larger in 
diametor than tho thormomotor tulio and about 
4 cm. or more longer than tho coil, upon below 
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ami wit>1t an umbrella above, was tho most 
Hill i.sfimtdrv form of oliiehl, which is pnioti- 
an mo as tlmt originally devised by 
t •ulUindiu 1 ami (irillillm. Tim imibrollu. alionld 
*0. (Ik, tliormomotnr till hi uhiHoly ami extend 
l ,l \y<>ri(l tlio oml of tbe o.ylmrier, leaving a space 
5 mm. In 1 am, (ill'll liotwooii llm umbrolla 
anil ciylindor for oirouintioii of Urn vapour. 

§ (III) iSi'koi i''i(iA’.i‘ioN.s (*!■' Sin.pmm Moii.inu- 

I*oiN'i' Aitakatum. .Tim following h| 

timiH propoHOil by illimllor ami BurgosM as 
Mu* n‘HiiIt of tboir experiments are primarily 
ilinsotod to bn of assist a non in obtaining 
Htamlard pmol.iro in lesinlnneo thermometer 
nnliliralion : 

“ I. Jloiliiitj A /)/wmi/ii.v,-—TIio Imiling tulio in of 
gluon, fused ailim, nr aiiuilar niatiirial, and Ima an 
inl.oioiil diameter nf ant trim Uiaa ‘1 nor mom tlnm 
•I mu. ’i.’Jio longfli must )«> mioli t lmt tin* length of 
llm vn-poiir onluiim, meninirod from tlin imrfuen of tlin 
lit|ii 1<I inilplitir to fho level of tlin topnf tin? iimulnliag 
mntoriul numnmdliig tho tulio, shall exceed tin* 
length of tin* llioriuoiiwlcr roil by at Irani 21) urn, 1 
Uniting in by any iitilliiblo liraler at tlin lintlnm 
of tiio tabu, and (In* armngnmrnt must la* Hindi 
tlmt t in* limiting element, and all oniuluotliig material 
in o. in I art with it, (rrnilnato at least 'I mil, below the 
level of (ha liquid imlplmr. Jf a llama ia allowed to 
impinge clirootly on llm tuba tin* heat insulation natal 
extend at lemit •! am. below tin* Level of Ilia lii|iild 
itnlplmr. Thera should ho a ring of iaimlatlag malarial 
abovo tbo healer, lilting Ilia bibs closely, to prevent 
laiporlmating of tin* vapour by oonvisilion mirreabi 
oulsdilo tlm tala*. Almvo the heater tin* tuba is mir- 
roumlerl will) itinnlaling material, not ueeessarily in 
oonlnnl. with i(, mid nf mioli almraoler an to providn 
liont iimulallnn equivalent In n (hlehnrmi nf not lean 
tlnm I um. of niilx'ntoH. Tlin length of l-liiu iiiiiulnlfd 
prii't fmii already been npeoillcd. Any device lined to 
ulum* l.lio to]) of tlm bulling lulu* niinit allown free 
(»|H>nlng for (i(]uiliiiftlh)it of picmum*. 

" a. VnrilH of Hulphitr .—'Tlm milplmr nlimild eon. 
Inin not over (MW per unit of iiupnyillcn, It iilioutil 
In* tojited to determino whether nelcnlnm ia present. 

" ». Uwlitiliim Hhii'M .—Tlm radiation shield con- 
libit a of n eylliiiler open nt both oiuIh, mid provided 
with it ennlenl umbrella ahovo. Tho oyllmirhml 
part lo to Im bf) to 1!*5 mu. lurgar in iliamoter limn 
llio imiteoliag tuba of llm tloTiiloiimlcr, mid ntlemil 
I mu. immller than tlin iniilda dinmaler of tlm boiling 
l.lllio, Tho cylinder should extend bf) inn. or more 
beyond tlm coil at eaeh ond. Tlm umbrella should 
fit. tlm Ihenmimati r lulu* eloHely, slionld overhang 
tin* oylindor, and Is* aepamlcd from tin* latter by a 
H|aun> O-fi to HI am. high. Tin* Inner imrfaet* of llm 
oylliicler imint ho a pone relleator, nnnli ns shoot-iron, 
Mnokt'imd aluminium, umIihiIoh, or a deeply eorrn- 
guti’il nurture. 

" -I . Procedure.- -'Ilio aulpliur ta brought to Imiling, 11 

1 Tills lenglli was arrived at us follows: Tlm 
minimum distance from llm lhiuhl mirfnro to llm 
jmf.lom of llm shield was lukcn as (I em.; excess 
jenulU <>f shield over length of (liernvimotor roll, 
(t nil.; illstuiiru available for displacing thermometer, 
(t em.; minimum distance from topof Kbiebl to level 
of top of Insulalhm, Item. 

1 If llm Kulplmr 1ms been allowed to solidify In 
tho bottom of Um tube, It immt lie melted from tbo 


and tlx* healing is ho regulated Hint the condominium 
lino is sharply defined and is 1 am. or more almvo 
the level,of tho top of tho insulating material, The 
the n i n ii no ter, enclosed 
in ils shield, in hiHcrled 
into tlm vapour, taking 
ulire to have tlm ther¬ 
mometer coil properly 
located with rcspeol to 
Mil* shield, mid the 
thermonieler and shield 
centred in llu* boiling 
tube. Afler putting the 
theriimiiuiter into tlm 
vapour, time iiiuhL ho 
allowed for tho lino of 
condensation again to 
mioli its proper level. 

Simultaneous readings 
of Uie tuiii|K*raturo and 
Imromclrin pressuro aro 
limn made. In all cases 
care should ho taken to 
provo Hint Um tom- 
pern turn Is not alfeuted 
liy displttolng the llier- 
momoter 2 or 3 mn. up 
or down from its usual 
peril ion. 

“ f>. ('iDiipuliilionn .— 

ToiiiporutUreH R are onl- 
olilaled from tlm pmia- 
uro by use of tho formula 

/. -I l l tit)" 

■I 0-01)10 (/»••• 7U0) 

— (MH)IHMI) </i— 7(H)) a . 

If necessary, aeeouiit 
alionld Im taken of any 
dilleieneo in prowum 
lie tween tlm levela nt 
wliloh the thermometer 
Imlh and tlm open end 
of (lie bnrornolor re¬ 
spectively am located. 

Pressure!! are to Ik* ex- 
pressed in Mm equivalent) 
millinuilvea of mercury nt I)'’ and nndor ulonchmi 
gravity fy^OSiMIOri)," 

I'hiimptc. of Method of JMuelion of Observations 
liib.n fa the ffhimlur/lisution of a Plot hi um Thermo- 
in tier .—The miistrmco observations wero corrected 
for Min errors of the coil values, Mie lomporiitiiro, 
and the value of tho liridgo Centro deduced. 

•Jim rcBistanuu at tho lompcrntnro of melting ice 
was 2fi7d)l<! unitH. 



top downwards, to avoid lireiddug llm lube.. A 
better procedure Is Mint rcenmmemleil by Hiitlie, 
namely, on rnniplolliig work with Um npjMiratns, lr. 
Is turned so tlmt tlm tube makes an angle of 111) 
or less with llm Imrlwuilnl, so Mint tlm sulphur 
oil solidifying extends along Mm shies of tho tuno. 
In which position 11 may bo melted down willi lean 
danger of breaking tlm tube. Even when tlm pro¬ 
cedure recommended Is followed, breakage of tubes 
may bo reduced by rnrofully melting llm sulphur 
from I Im top downwards over a Hansen burner liuforo 
applying beat to It In the apparatus, 

J lidarimtUinid agreement lam not yet neon 
arrived at as to the value to Im ascribed toMioHUlpluic 
Is tiling-point. 

a/. 


VOIf. I 
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In steam tho resist unco was 357-053. 

The bnromctrjo height during tho sti-um-poiut 
observations was 700-20, and tliu tomperalnro of the 
nieraui-y column and scale 17-55° G. 

The hurometria fu-iglit lias to ho reduced to that 
corresponding (o a column at 0° in latitude 45°, 

Tables are available for this reduction in the case 
of standard types of harometers possessing a brass 
flealo, such ns the Fortin typo. 

Tho oorreolion for temperature in this oaso is 
-2-19 mm., while the latitude correction is approxi¬ 
mately -|-0-45 for places on the parallel through 
London, llcnco the coneolcd valuo of tho pressure 
is 704-52 at 0°, latitude 45°. 

Tho boiling-point of water under a pressure of 
7G4-G2 mm. is 100-1954° C. ncoording to Brooh’s 
recalculation of iicgmiult’s obsorvafionB. 

lienee inorenso in resistance for a tomperaturo 
change from 0° to 100-1054° C. = 100-037 units. 

'J’o obtain the valuo of tho F.I. tho resiBtanco at 
100° C. is required. 

5It for 0-1054 = x 0-1054 x 0-085 =0-103. 

100-1 (35-1 


[Tho onoflloient 0-985 is tho valuo of (Apl)/A(t) 
near 100° G, for a thonnomotor of 3 = 1-50. Tho 
general formula is 


1 lonco 


(A pi) 

Mi) ’ 



2t-ioo\n 
16,0067 J' 


n loa = 357-700, 


ho tlmt U l0B - RqSF.1.=90-874. 


Tho raalstnnco in sulphur was 079-165, and tho 
huromotrio height 700-23 at 17-5°. Correcting for 
tomperaturo (-2-19 mm.), and latlludo -1-0-45°, 
bavomotrio height nt 0° and lalitudo 45° = 704-49 
nun. For this press tiro the boiling-point of sulphur 
at tliiH tomporntnro is <144-04° C. 

Tho platinum loinpumturo (pi) corresponding to 
tho aboYo valuo of t he resislaneo is 


070-105-257-910 
.99-874 


'421-78° C., 


mi that f-p/=44-1-04 - 421 -78 =»23• 16. 


Now 


in ice, steam, and sulphur vapour represented 
tho gas scale between - 78° and 500° 0., hut 
below - 78° O., deviated; tho divergence) 
amounting to 2-3° at -190° C., the platinum 
thermometer reading too low. 

Travers and Gwyer, in 1905, made compari¬ 
sons at tho samo two temperatures with 
improved apparatus of greater sensitivity. 
They found the departure of the platinum 
thermometer at - 190° C. to ho 2-23", a value 
in closo agreement with that of Holborn and 
Wien, 

Henning, in 1913, earned out a detailed 
investigation over tho range 0° to - 200° 0. 
Tho comparison was effected between the 
hydrogen gas thermometer and a number of 
platinum thermometers constructed of wiro 
of varying degrees of purity, Tho lowest 
tomporalurcs were obtained by means of 
liquid air baths, while tho intermediate 
points wore obtained in a bath of alcohol or 
petroleum other cooled by liquid uir. 

His experiments showed that tho parubolio 
formula was not valid below -40°0., and, 
moreover, that platinum thermometers con¬ 
structed of wires of varying purity woro not 
consistent, but gave results differing by as 
much us half a dogroo when immersed in the 
same bath, if tho observations woro reduced 
by tho parabolic formula obtained from the 
ico, steam, and sulphur points. 

Ho found, however, that the scales of two 
different thermometers could bo connected 
over this range by a formula involving only 
ono constant, and that the constant could bo 
determined by a comparison of tho thermo- 
motors at a single tomperaturo. 

Thus, if platinum temperatures pi' and pi 
aro deduced from observations with two 
thermometers compared at tho same tomporu- 
turo, tho following empirical relationship holds 
good : 

pl’-pl—cpUpl- 100). 

Tho constant c may bo obtained by a 
comparison of the two thermometers at mio 
low temperature, as, for example, in a liquid 
air bath. 


ir -t 23,10 , r, 

11 ■ 1 '“ l - 

§ (17) DK'WiHMIKATION Of LOW TKMI'KUA- 
1’UItBS I1Y JUBANS Ob’ RkSIBTANOB TuBHMO- 
StKTHHS.—Ifolbom and ‘Wien in 1901 extended 
their previous comparison between tho gas 
and platinum thermometers botwcon 0° and 
000° C., by making comparisons at - 78° 0. 
and -190° 0., tomporatnres obtainable by 
the use of solid C0 2 and liquid air. Tho coil 
of tlio platinum thormomotor was enolosed 
within tlio bulb of the gas thermometer, so 
as to minimise tho error duo to tho slowly 
varying temperature. They found that tho 
parubolio formula obtained by standardising 


Although tho above formula would appear 
to require for. its evaluation tlio use of a 
standard platinum thermometer whose scale 
has been directly compared with tho gas 
thermometer, it is possible to utiliso Henning's 
data liy making the assumption that iiis 
gas thormomotor would give tho accepted 
value -1H2-9 b ° 0. for the boiling-point of 
oxygen. 

Tho curve in Fig, 20 is plotted from data 
given by Henning for his standard tlior- 
momoter, whoso a was a=04)039150 and 
5 = 1-484. 

Honoe, if a platinum thormomotor 1ms to bo 
calibrated down to low temperatures, it is 
only necessary to determine tho rosistanco 
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i» iec, (steam, sulphur vapour, and boilin'' 
oxygen. 

Tiio departure of tho scale at the oxygen- 
point can then be compared with Henning’s 
Vrtluo at <— - 182-9 6 ° 0. 



I’XO, 20,—Curve plotted from Unimlng's Data tor 
his Standard Theriiiomcior. 


Til tlm table bolmv the values of a, 5, and c. 
aro given for the various platinum thormn- 
imitoi'H tested, and it will be observed that 
Chore is no obvious eonneetion liotwceu c and 
tho 6 of the parabolic formula. 


:im«. 

s. 

cx 10 s . 

0-38024 

i-mo 

-0-08 

0-38874 

1-402 

H-O-OO 

0-31)131 

I-401 

-1-0-00 

0-30132 

1-401 

-10-11 

o-30 mo 

1-184 

0 

0-31)134 

1-480 

-010 

0-30143 

1-182 

-1-0-10 


§ ( 18 ) Extra l-o cation of Tin-: Scale of tiik 

Pl.ATINUM ThHWMOMKTKII FOR TIIK DWTIill- 
Jll NATION OF HlOlt - TKMPEUATUUK MkHTINO- 
pointhI —’.I’lio work of Meyeook and Novillo 
immediately followed that of thoir colleagues 
Cnlloudar and OriflitliB, and was primarily 
directed towards tbo determination of tho 
freezing-points of metals and their alleys. 

To measure temperatures in the vicinity of 
1.000° 0., it was noccHRary to extrapolate the 
parabolic formula over a range of 400° (!., 
since at that time thcro were no roliablo 
determinations of tho melting-points of metals 
in terms of tho gas scale. 

Eor example, gold, a metal obtainable in a 
state of high purity, had, according to Baras, 


a freezing-point value of 1093° 0. This was 
determined by means of a platinum vs. 
platinum-iridium couple calibrated in terms 
of a gas thermometer. Holbom and Wien, 
at tho sanio time (1892) and employing an 
almost identical method, obtained tho value 
1072° C., a discrepancy of 21°. 

Ileycock and NeviUo investigated the 
freezing-point of gold among those of other 
metals, and their work showed that it gavo 
a sharp, well-dolined transition point winch 
renders it an excellent “ fixed point ” for 
calibration purposes. 

Employing thermometers constructed of 
wire of various degrees of purity and reducing 
tho observations by tho parabolic formula, 
they obtained the values given below: 

FannziNQ-roiNT or Gout. Purity 1)0-05 Put Cunt 


riiernioiiictcr 

Number. 

Platinum, 
Tempera¬ 
ture “ O. 

8. 

tl—t-pl 

° c. 

t ° 0. 

13 

008-7 

1*500 

153-2 

1001-0 

lfi 

852-0 

2-0-10 

208-3 

1001-2 



1-574 

180-7 

1001-4 



1-553 

158-0 

LOO 1-0 



1-511 

154-3 

1002-0 


Weighted menu . . 

1001-7° 


This value for the freezing-point of gold is 
in oIoho agreement with tho recent- determina¬ 
tion of Day and Sosinmi, 10(12-4° 0. 

A comparison of the most roliablo recent 
determinations of tho freezing-points of the 
metals, expressed on tho gas thcrmoniotor 
scale,’ with tlioso obtained previously by 
Moyeock and Novillo proves conclusively that 
tho resistance thorinonioter standardised at 
0°, 100°, and 444-5° C. will givo toinporntmcs 
identical with tho gas scalo up to 1080° 0., 
within the limits of experimental error to 
which the gas thermometer scalo is known. 

This is further confirmed by sovoral direct 
comparisons between tho resistance thermo- 
motor and tbo gas thermometer over tho uamo 
range. 

The application of resistance thermomotors 
to tho determination of high - temperature 
frco/.c-poinis is an operation which requires 
considerable oaro if results of tho highest 
order of accuracy aro desired. 

The thermometer usually bus a bulb -of 3 
to 4 oin. in length and enclosed in a heavy 
porcelain sheath. Consequently it is necessary 
to allow for a depth of immersion of from (1 to 
8 oin. in tho metal. Further, tho rate of 
cooling should bo slow, to diminish possible 
orror duo to lag. Ileycook and Novillo state 
that tho freezing-point of gold could be rend 
to without difficulty. In a study of the 
effect of high toinperatnros on tho constants 
of platinum thermometers they found that 
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tho first few heatings to 1000° 0. increased 
both tho R 0 and the I'M. This ofi'ect they 
ascribed to the thickening of the mica plates 
after exposure to the high temperature and 
the consequent straining of the fine wire 
when tho coil cools and tho wire contracts 
oil to the larger frame. 

They concluded that the constants should bo 
determined before each temperature measure¬ 
ment of importance, and, provided tho leads 
had been well annealed originally, that theso 
constants should bo used in calculating the 
temperature, regardless of what the values 
of the constants might bo after tho oxpori- 
monts. A thermometer should of course bo 
thoroughly annealed before standardisation. 

§ (19) Kelvin Double Biudok Method.— 
In order to overcome the difficulties associated' 
with tho use of- fine-wire thermomotora at 
high tempera¬ 
tures Northrup 
lias proposed tho 
use of low-rcsist- 
anco, heavy-wiro 
thormometors 
with tho Kolvin 
double bridgo for measuring tho resistance. 

As is well known, tho bridge connections, 
duo to Lord Kelvin, shown in Fig. 21, are tho 
best arrangement yot dovised for measuring 
a very low resistance Tho bridgo is balanced, 
when 

n_rti_X 

6~b t ~ S' 

Tho first two tonus being made equal by 
construction, 

Y — -S 

b 

With theso bridgo connections it is stated 
Hint 0 01 ohm can be measured to tho same 
precision as 100 ohms by tho ordinary bridge 
arrangements. By taking advantage of this 
bridgo ns a reading dovico a high-tomporaturo 
thermometer of robust dosign can bo con¬ 
structed. 

Tho resistance coil is in tho form of a 
small spiral supported by two mica washors. 
The current and potential leads nro of a cheaper 
grade of platinum. In fact, it is a positivo 
ndvantago to have tho potential leads of an 
impure platinum, boouuso of its low cooflioiont, 
which may bo about (Ml that of pure platinum. 
Tho connections, as arranged for measuring 
a number of thermomotora, nro shown in 
Fig. 22. 

To measure a tompomturo with this arrange¬ 
ment, tho terminals p, p' nro moved by a 
switch to tho potential terminals of tho 
thermometers to bo measured, while tho 
thermometers to the right of tho ono boing 
measured are cut out of circuit by y, which 
keeps tho resistance of tho “ yoko ” low, as 
required by theory. A balaneo on tho 



' S 
Fig. 21. 


galvanometer is obtained by moving tho 
plug N and tho slider S. The slide wire on 
which S moves would consist of a substantial 
mnngnnin wire lying over u scale, marked off in 
degrees centigrade, if it is desired to make tho 
bridge diroct-rcading. Tho only uncertain 


T, T T, T 4 



olemont in tho method is tho possibility of tho 
ratio njb and « t /&„ Fig. 21, becoming variable 
in an unknown way through a ehnngo in the 
resistance of that portion of tho potential 
loads which lio in the thermometer tube. Tins 
uncertainty, howovor, is practically avoided 
if tho resistance u is made sufficiently high. 
Calculation shows that, if n is chosen as high 
as 250 ohms, the maximum error from this 
causo will not exceed 0-1° C. Tho resistance 
a may, however, bo as high ns 1000 or oven 
5000 ohms, thus practically reducing the error 
to zoro. 

Tho necessity of having a high resistance 
in tho ratio coils requires that tho galvano¬ 
meter used shall have a highor sensibility 
than can bo obtained in a portable pointer 
Instrument. There are, however, available 
several very convenient forms of somi-portablo 
Huspomled-eoil types of galvanometers, having 
an attached toloseopo and scale which nro 
amply sensitive for tho purpose. 

§ (20) Rkooiujino Rksihtanoe Pyiiomf.tkr. 
—In industrial work it is frequently necessary 
to have a continuous record of tho tomporaturo 
of a furnace or kiln during tho eourao of a 
complete run. To moot theso requirements 
Cnllendar devised his automatic resistance 
bridgo whioh gave a graphical record of tho 
position of tho bridgo-wiro contact maker on 
a clockwork driven drum. 

In tho design of tho instrument innumerable 
dilfioulties lmd to ho ovorooino, particularly in 
connection with tho relay action operated by 
tho galvanometer pointer, It is ovidont that 
tho motion of tho galvanometer pointer must 
close or open an olcclrio circuit, and tho 
practical probtom was to make this contact 
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a reliable, one with Llio light pressures that 
am available. 

Fig, 211 is a general view of the recorder. 



FIG. 23. 


whilst Fig, 2*1 is n diagram of the connections. 
Tho movement of the slide-wire contact is 
effected by olookwork pulling iv string, the 
operation of the oloolc being controlled by two 
relays. 

According ns the moving coil of this galvano¬ 
meter OC dollcots in one direction or the 
other, a relay circuit is completed through 
one or other of two electromagnets MM. Each 
of these magnets is mounted on a clock, 
tho movement of which is prevented by 
n, brake. When n current passes through 
tho magnet this brake is lifted, allowing 
tho olookwork to revolve, These olooks 
arc connected by differential gearing with 
a recording pen ourriugo PC, which is hauled 
in one direction or the othor, according 
as tho brake is lifted from tho corresponding 
block. Tho bridge slider mnvos with this 
pon and tends to restore balance. As soon 
as this is dono tho galvanometer coil returns 
to its normal position, tho relay is cut out, 
tho brake springs hack, stopping tho clock, 
and the recording pen P comes to rest, until 
tho equilibrium of the circuits is again 
disturbed. Tho main difficulty in devising a 


satisfactory instrument on this general plan 
has been that of obtaining a delicate ami 
reliable relay. The total current available 
for operating this is necessarily small, and in 
such cases the contacts are very liable to 
stick. This difficulty Callendar has over¬ 
come by mounting tho contact on one of 
the arbors of a clock movement C, Metallic 
springs, OF, press on tho contact surfaces, 
polishing them ns they are rotated by tho 
clock. With this arrangement the mako- 
and-break is effected sharply and certainly, 
in spite of the very small force which is 
available for pressing the two contacts 
together. Tho contact, piece consists of a 
ring of platinum GW, forming the tyre of a 
wheel mounted on one of tho shafts of the 
clonk. A spring fork connected electrically 
with one terminal of a voltaic coll, or 
secondary battory, grips this metallic tyre on 
either side, and polishes the contact surfaces 
as thoy move round. Contact is niado by 
ono or oilier of two piceos of stout platinum 
or gold foil fixed at the end of tho long hori¬ 
zontal rod, which, ns shown in Fig, 23, is 
carried by, and moves with, tho coil of the 



D’Arsonval galvanometer CIO. This rod 
carries with it two insulated-copper wires GE, 

which are connected at tho contact-making 

end witli ono or other of tho two platinum 
wires above mentioned. At tho other end tho 
wires connect with one or tho othor of tho 

two magnets MM, controlling tho clock brakes. 

Those magnets are clearly shown in the 
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figures, mounted above the eases containing 
the clockwork. 

The clockwork consists of two clocks 
connected with a simple differential gear, so 
that the screw pulley PS, which drives tlio 
silk cord PI) connected to the {ten slido, is 
turned in one direction or the other according 
to (lie deflection of the. relay. 

The carriage carrying both the recording 
pen and the Wheatstone bridge slider, is 
coupled at either end with a cord making 
two eomploto turns round tho hauling spindle, 
ns shown. A spring fastening at each end 
of tho cord keeps the tension properly adjusted. 
Just below the guide-bar, on which this 
earriago moves, are the bridge and galvano¬ 
meter wires over which tho slider passes. 
Tho two lio in tho same horizontal plane, and 
the Hlidor consists of a platinum silver fork 
bridging tho space between thorn. Tho front 
wire is connected at either end with tho 
battery, whilst at tho hack is eonnooted to 
tho D'Anuinvul galvanometer. The potential 
along thin battery wire of course falls from 
end to end, and as tho slider moves along tho 
potential of tho galvanometer wiro is raised 
or lowered accordingly. A cut-off is arranged 
at either end of tho travel of tho pou carriage, 
which breaks tho mngnot circuits, and thus 
prevents tho pen overrunning its cylinder. 
Thin latter consists of a light drum of very 
thin brass, to which squared paper can bo 
fixed in the usual way. Tho spindle carrying 
this drum is connected by moans of toothed 
gearing to a clock DO fixed to the frame of 
the instrument. 

Bkehkkdtoub 

Historical, Construction and Calibration- 

Siemens, llakcrian hectare, 1871 ; l'roo. Hoy. Hoe., 
1871, Xix. 361. 

Cal lorn lur, l‘hit. Trans., 1887, clxxvHI. I no. 

(.'idlciiiliir ami (irllllllm, •* Boiling-point Knljilmr,” 
ole., Phil. Traus., 1801, clxxxlj. A, Iff, lift. 

drillItlis, " Construction amt Standardisation of 
Kow Apparatus Nature, 181)0, Mil. HO. 

Edwards, “ Notes on ffcRlsinnrc Measurements In 
Pt Tin •rmoimitry,” (IcscrilM's a form of "dllfaroncn ” 
bridge, Contrih. Jefferson Phys. huh., 1004, II. 510 ; 
Proc. Am. Acad., 11)05, xl. 54ft. 

Ifangon, “ (lunrlz-gluss Beslstmico Thermometer,” 
Xeilsehr. angew. Chem., xx. 5(15. 

Widilnor and Dickinson, " Apparatus for 1*6 T’hor- 
inoniotry,” Phys, Iter., 1004, xfx. 51. 

Nortlinip, " Measurement, of Tamp, by Electrical 
Means,” l’roo, A.l.l'.E., lllOft, xxv. 210. [Kelvin 
double bridge method.) 

Tory, ” Comparison of I’t Therms, of DilTcrent 
Degrees of l’urlly," Phil, Mao., 1000,1, 421. 

bull til, " Bridge Methods,” Phil, Mag., 1.012, p. 
541. 

Harper, ” llcslalftnco Bridges,” Hull. Jlur. tilde., 
1015, xl, 205. 

Low-Temperature Comparisons between Gas and 
Resistance Thermometers 

J fathom nnil Wien, Wied. Ann., 1800, llx. 218 ; 
ibid., MKH, vi. 242. 

Travers and Uwycr, Proc. Hoy. tioc., 1005, Ixxiv. 
528. 

Henning, Am, dor Phy&ik, 1013, xl, 035 j ibid,, 
1013, xll. 1054. 

Mel Ink, “ Comparison of I’t Therm, with Hydrogen 


Therm, and Cold Therm.,” Com, Pints. T,ab. Leiden 
1004, xciil, 1, ’ 


11 vjh-Tcmparature Measurements 
Hoycuck atul Neville, Jl. Client, ,S 'or,., 18110, | V || 
‘‘Freezing-point of Alloys,” Phi/. Trims' 
1807, clxxxix. 25. ’ 

Harker, “ High Temp. Standards of N.P.L.,” Phil 
Trans., 1004, celii. a, 343, 

Waldncr and Burgess, ” Pt 'Therm, at. High 
•lump.,* Phys. tier., 1000, xxvlll. 407; Hull, liar 
titds., 1000-10, vl. 150. 


Industrial Poms of Itesistanee. Thermometers 
Callendar and Nicholson, “ Steam Temperatures *• 
Proc.Jnst. C.K., 1808 , p. 131 ; I!.A. Reports, 1807 , 

Burs tall, “ Measurement Cyclically Varying 'Temp. 
Phil. May., 1805, xl. 282. 

(.'a I lender, " Bceording Pyrometer,” Engineering 
1800 , Ixvil. 075 . ’ 

Wliipple, “ Indicator,” Land. Phys. Hoe.., 1002 
xvill. 235 . ' 

Callendar and Dalby. " fins Engine Temps. ” 
Engineering, 1007 , lxxxlv. 887 ; Proc. Roy. tioc 
1007 , Ixxx. 57 . ’ 

Harris, “ Deflect Inna I Beslstanco Therm.” Hlcc- 
Iricutn, 1008 , Ixil. 430 . 

Nortlinip, '‘Cooling Curves," Pror.. Am. Electro- 
chem. tioc.. Mag., 1110ft. 


Calorimetric Thermometers 
Callendar, Phil, Trans., 1002, e.xolx. A, 55. 

11II T * 1M • U '|ift 0 5 * H n w 1 1)^’ Xcitschr. phys. Chem., 1005, 
^Dickinson mid Mueller, Hull. Rur. titds., 1007, HI. 
tiulphnr lloiliiig-poinh 

llegiiaiilt, Mdmolrcs de l'Acaddtnie-des tir-icuces, xx vl,; 
collected works, Relation ties orpdrianecs, 3 vein., 
pub. Llbrnlre de Klrmln Dhlot, Preres, Paris, 1852. 

Day mid Sosiniui, .4m, Jl. tiei., 1012, xxxlll. 517; 
Jl. Wash. Acad, tiei., 1012, II, 157. 

HiiinnrfoiKiuliw, Proc. Roy. tioc., 1003, xxxl, 330 ; 
1010, Ixxxlll. 100 . ' 

lTolliorn and lleiming, “ Variation of Boiling-point 
or Sulphur with Pressure,” Ann. d, Phys., J008, xxvl. 

Hnrkcr and Sexlbn, Phil. Mag., 1000, xvll, 32. 
Mueller mid Burgess, “The Standardisation of tho 
Sul)ilnir Boiling-point,” Journ. Am. Chain, tioc., 1010, 
xll. 745. 

10. (h 


HBVKnaiBi.M Actions and Enoineh. Roo 
“ ThorinodynamicH,” S$ (111) and (1H). 
Reversing Gear for Straw Engine. Sco 
“ Steam Engines, Roeip men ting,” § (2) (vii.). 
Reynolds and Mooiuiv’m Method op deter- 
mining Mechanical Equivalent op II rat. 
Sco “ Heat, Mechanical Equivalent of,” 

§ (4) (iiL)- 

REYNOLDS* CltlTEIUON VOB OKTERMININO THE 

Critic at, Velocity op Fluids in Parallel 
Channels. See “ Friction," § (13). 
Reynolds’ Number : tho critical valuo of tho 
non-dimoiiflional group V//i> which, for any 
given {iroblom, corresponds to a inoro or less 
rapid chango from tho steady so-called 
stream-lino flow to tho sinuouB and turbulont 
state of eddy formation; tho existence of 
this oritioal valuo was demonstrated by 
Roynolds ns a nmttor of actual oxporimont. 
>Seo “ Dynamical Similnrity, The Principles 
of," § (lfi). 

Reynolds’ Theory op Lubrication. See 
“ Friction,” § (20). 



RICARDO I HO H.P. TANK ENGINE—SHIP RESISTANCE AND PROPULSION 711 


Ricardo 1/50 H.i’. Tank Engine. See “ Petrol 
Engine, The Water-cooled,” § ((i) {iii.). 
Richards Indicator. Sen “ Pressure, 
Measurement of,” § (18) (i.). 

Riveters, Hydraulic. Sec “ Hydraulics,” 
§ (57) (ii.). 

Rivets : Methods of testing koii Ductility. 
Seo “ Elastic Constants, Determination of,” 
$ (32). 

Road Materials : 

Abrasion Test for Rond Stones. Sen 
“ Elastic Constants, .Determination of,” 

§ ( 14 ( 1 ). 

Cementation Test. Seo ilrid. § (147). 
Development of Tost Methods. Seo ibid. 

§ ( 143 ). 

Methods of testing Bituminous lload 
Materials. Hoe ibid, § (151). 

Toughness Test on ltoad Stones. Seo 

ibid. § (I4n). 

RORKltTS CoMI'ENMATED MaNOMKTKK. Seo 
“ Pressure, Moastiroment of," § (25). 


Rooks, Thermal. Conductivity of. See 
“ Heat, Conduction of," § (4) and Table II. 
Rolling Friction r theory of tlio resistance 
of bodies rolling over each other. Seo 
44 Friction,” § (37). 

Rolls - lio von Eagle Aero-engine. Seo 
44 Petrol Engine, The Water-cooled," § (li) 

(i-). 

Roi*e Brakes koii Power Measurement. 

Seo 14 .Dynamometers,” § ( 2 ) (iii.). 

Rotary Pumps. Seo “Hydraulics,” §(37); 
44 Air-pumps,” § (23). 

Rotation, Effect ok, on the Motion ok a 
Body through a Viscous Fluid. See 
“ Dynamical Similarity, Tho Principles of," 
§ ( 2 * 1 ). 

Rowland’s Method of determining the 
Mechanical Equivalent of Heat. See 
“ Heat, Meoiianioal Equivalent of,” § (4) 
(ii.). 

Run-off from Rainfall Catchment Auras. 
Seo “ Hydraulics," § ((i). 



Saciabibn Wheel. See “ Hydraulics," § (47) 

(ii.). 

Sails. Seo “Ship Resistance and Propul¬ 


sion,” § (55). 

Sakoo Steam Meteii. See "Motors,” § (1U), 
Vol. m. 


Saturated Vapour, Specific Heat of. Seo 
“ Thorinodynmnics," § (53), 

Savart’s Law, concerning tlio notes Hoinulod 
by similar vessels containing air, states that 
the pitch of tho resonating noto ih inversely 
proportional to the linear dimensions of tho 
vessel. This result was established by an 
elaborate sorics of oxporimonts, but can bo 
easily deduced by the mothod of dimensions. 
See “ Dynamical Similarity, Tlio Principles 


of,” § (25). 

Scale Model Experiments for the Deter¬ 
mination of the Frictional Resistance 
of Bodies in Fluids. See “ Friction," 
8 (23). 

Son eel AN D Heush Diapiiraom Oauoe. Seo 
“ .Pressure, Measurement of,” § (22). 


Schuster and Gannon’s Method of dhtbr- 
mininii Meoiianioal Equivalent ok Heat. 
See “Heat, MoohanioalEquivalent of,” § (5) 
(ii.). 

Screw. Soo " Mechanical Powers,” § (3). 
Screw Propellers. Seo “ Ship Resistance 
and Propulsion, § (39). 

In open water. See ibid. § (42). 

Behind ships. Seo ibid, § (47). 


Seay’s Process for Ammonia Adsorption 
Refrigerators, Soo “ Refrigeration,” § (5). 


Second Law of Thermodynamics. See 

“Engines, Thermodynamics of Intornal 


ComlniBlioii," § (4); “ Thermodynamics," 

§ (17). 

Sjimi - Diesel Oil Engine. See “ Engines, 
Internal Combustion," § (13). 

Settling Tanks for Storage Reservoirs. 

See “ IIyd van lies,” § (21). 

Shafts: 

Design of, Seo * 4 Structures, Strength of,” 
§§ (20) and (30). 

Whirling of, considered by tho method of 
dimensions, Sco “ Dynamical Similarity, 
Tho Principles of,” § (47). 

Shape Factor and Heat Conduction. Son 
14 Ileab, Conduction of,” §§ (2) (i.) and (11). 
Shells, Strength of Cylindrical and 
Spherical. Seo “ Struoturos, Strength of,” 

§ (31). 

SHIP RESISTANCE AND PROPULSION 

I. Ship Resistance 

§ (1) Historical. —For all practical purposes 
it may bo said that tho existing knowledge 
of ship resistance has boon acquired during 
tho last century. It is true that about 3000 
n.o. tho Egyptians hail some knowledge of 
this sort, n9 oven thou, their vessels were 
rounded in section, fined at tho onds, and 
given considerable sheer, i.e, upward curvature 
of the deck and form at tlio ends. In England 
and Northern Europo tho advantages of round¬ 
ing off tho fore end wore known some 700 to 
1100 n.o., ns all the largo “ dug-outs ” of 
this period, which have been unearthed, have 
this feature. At a later period (a.d. 300 to 
1000), tho Vikings and the English gave their 
vessels a form eminently suited for speed, 
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indicating a gone! general Unowicrigo of ship 
resistance. But such a knowledge as existed 
then, both in Northern waters and on tho 
Mediterranean, was swmnped and slowly lost 
in the effort to build heavy sailing-ships of 
largo burthen. Centuries passed, and despite 
improvements in construction and in arrange¬ 
ments of sails, little improvement of form 
took place until about 1800 a.i>. 

§ (2) ISaiu.y Experiments. —Amongst those 
who havo worked at the problem of ship 
resistance must bo included Newton, but bis 
work has not stood the lost of experiment, 1 
Ho was followed by bailor, D'Alembert, the 
Marquis do Cuiulorcct, the Abbe Bnssut, and 
M. Homme (1778). Their experiments con- 
lirmnd tho belief that resistance in general 
varied with tho area of tho surface exposed, 
and with tho square of the velocity of move¬ 
ment, hut llio general theory of ship resist¬ 
ance in other respects advnncod but very 
little. The experiments of Bird in 177fi, Gore 
in 1792, and those carried out in Scandinavia 
conoiirrently with Bcaufoy’s, contributed 
nothing of any importance on the subject. 
Up to about 1800 a.d. tho ncceptcd theory of 
ship resistance was based on tho idea that tho 
vessel had to overeoino the inertia of tho 
wator thrust away in front and drawn in 
boliind, and oxporioncocl a resistance duo to 
tho inertia of the disturbed wator. 

§ (3) Beaufoy. —Tho first successful effort 
to separate tho resistance of a ship into 
component parts, and to uso model experi¬ 
ments for this purpose, was mudo by Beaufoy. 
Ho clearly discriminated between skin friction 
and resistance due to "dynamic pressures,” 
and ho was obviously aware of tho added 
resistance experienced by a body on tho 
surface of the water compared with its resist- 
nneo when submerged. Ho attempted to 
uopnrato out the skin resistance of cortain 
surfaces, 2 and showed that, assuming suoli 
resistance varied with tho will power of tho 
spood, n varied from 1*71 to 1-82. But 
Beaufoy, like his predecessors, was handi¬ 
capped by a want of knowlodgo of how to 
apply his experiment results to tho estimation 
of resistance of the full-sizo ship, and it was 
left for tho late William Froudo to propound 
a method for doing this, and to domonstralo 
its aooumoy. In all essentials tho modern 
treatment of ship resistance is based upon 
tho work of W. Froudo. His theories and 
methods, whioh arc summarised in tho follow¬ 
ing paragraph, liavo been tested by comparing 
results obtained with n model and those 
obtained by lowing a ship at sea, and by sixty 
years of &tcndy(application in ship design. 

§ (-1) W. Froudk's Investigations. —Apart 

r "“"' , u ~ . xt emotions and of 

nenfs, p. x.\ l. 


tho hull above wator, tho resistance experienced 
by any ship may bo regarded us consisting of 
that duo to skin friction, eddy-making, and 
the formation of waves. From a number of 
experiments, W. Froudo concluded that the 
frictional resistance of a ship and its model 
were practically the same as those of piano 
surfaces of tho same respective lengths, areas 
and smoothness, moving at tho same velocities.' 
To deal with tho remaining portion of tho 
resistance of ship and model, ho proposed what 
is generally known ns tho “ law of corre¬ 
sponding speeds.” This states that tho resist- 
Alices of similar ships are in tho ratio of the 
cube of their dimensions, when their speeds 
are in the ratio of the square root of their 
dimensions. Speeds connected by this rela¬ 
tion are generally known ns “ corresponding 
speeds.” 3 Or to express the law in symbols,’ 1 
it can bo shown that the resistance it can bo 
ox pressed by tho formula 

R=e»w($), 

whore p is the density of tho fluid, v tho speed, 
and l a linear quantity, defining tho scnlo 
usually takon ns the length of tho ship. 
Thus if tho resistance of the ship is to bo 
accurately represented by that of the model, 
wo must Jiavo 

l _h 


whore Iv rofor to tho model, LV to tho ship. 
Tlion 



while, sinco u 2 is proportional to l, R, which is 
proportional to IV, varies as 1°. 

This law is truo for resistances arising 
from dynamic conditions which arc similar, 
irrespective of size, and is generally applied 
to that duo to tho formation of waves and 
eddies, whioh is assumed to constitute all 
that resistance experienced by ship and 
model over and nbovo tho friction resistance. 
To this resistance Froudo gavo the namo 
11 residuary.” If, therefore, tho total resist¬ 
ance of a model bo ascertained by experiment, 
nod its friction resistance calculated ns above 
ho deducted from it, tho residuary resistance 
of tho ship at tho corresponding speed can bo 
inferred from the result, and when added to 
tho calculated friotion resistance gives the 
total for tho ship. This procedure has been 
tested by comparing estimates based on model 
experiments with tho measured resistance of 
a similar full-sizo ship towed under tho same 
conditions. The first teats of this kind wore 
mado by W, Froudo on tho Greyhound in 


“ 8co “ Dynamical Similarity, Principles of," 
§§00), (80). 

* Seo “ Friction,” § (2-i) <11.). 
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1873,* and by Sir. Yarrow on a first-class 
torpedo boat in 188! 2 In both cases the 
uUMisured resistance exceeded that deduced 
from the model tests, but tho agreement was 
suflioioiiLly close to justify the use of this 
mntJiod of estimating powers for ships, and 
"'ifcli some modilications in detail it is still 

in VIHO. 

S (5).—Of tlieso modifications the most im¬ 
portant is in the method of calculating fries* 
tional rosistance. Froudo assumed : (i.) That 
for all lengths greater than f»0 ft. the resistance 
could, be obtained, for the first fiO ft. by 
lining tho constants obtained for a RO-ft. 
plunk, and that for all tho surfaco beyond 
tliia length tho resistance per square foot 
would be tho sumo as that of the last foot of 
tho uO-ft. plank, this being determined liy an 
analysis of his results ; (ii.) that the resistance 
of it clean plated ship could bo calculated 
from that of his smooth planks without any 
correction for roughness or form effect. Tlieso 
assumptions, although still in considerable uso, 
iuo not now necessary, and are not made 
in tho data and methods of calculation hero 
given. 

l<\ir the sake of clearness, each of tho three 
main factors in resistance is treated separately. 
Although this is tho usual practice it is not 
Htriolly correct, as all three are to a small 
unci usually not important extent inter* 
dujHMidunt. Thcao cross effects are dealt with 
under tho separate headings, 

Tho section on stream - lines is intended 
mainly as an introduction to tho subject of 
ship wave formation, and its close ally, ship 
form design. Tho data given, howovor, servo 
to i lluslrate points raised in dismissing frictional 
nncl eddy resistance. 

H. .Skin Fuiotion Rhsihtanoh 

§ ((i) Skin Fuiotion.—-T his is ono of tho 
inoKt jirolilie causos of resistance to tho movo- 
mont of ships through water. In all woll- 
duHigncd vessels it amounts to about 80 per 
con fc of the whole resistance at low speeds, 
mitl oven in a torpedo-boat destroyer at its 
maximum speed of about 40 knots, 40 per 
cent or tho whole resistance is duo to skin 
friction. In but ono typo of vessel, via. tho 
hydroplane (§ (35)>, is it a comparatively 
unimportant factor, and thou only at high 
speeds. 

It may bo defined as tho tangential force 
between tho surface of a moving body and 
the layer of water with which it is in contact. 
Tho nature of this tangential force is little 
known. Its effect in tho enae of a smooth 
Bin-taco is to Hot in motion a comparatively 
(iiin layer'of water in tho immediate neigh¬ 
bourhood of tho body, and this layer is usually 

1 Just. Nai'ii! Architects Trane, xv. 

* Ibid. xxlv. 


called the. frictional belt. Terzaghi’s experi¬ 
ments 3 with thin films between glass plates 
suggest that the innermost skin or film of the 
water in contact with the hotly has shearing 
and tensile strength as well as viscosity, and 
that the properties of this film are different 
from those of larger bodies of water. To 
what extent this may hold good for the 
boundary of a ship form is, however, not 
known. Hole Shaw’s 1 experiments suggest 
(hiit there is a thin film (much thicker than 
Terzaghi’s film) in contact with the body in 
which the movement is purely straight line 
or viscous, and that sinuous movement exists 
in tho remainder of the frictional bolt. 
Stanton’s experiments have confirmed this. 
The layor is approximately one-tenth milli¬ 
metre in thickness, but gradually merges into 
tho surrounding sinuous ilow streams. Tho 
fluid in contact with tho moving surfaco 
moves with tho velocity of the surface at the 
point of contact. 

§ (7).—Calvert’s 11 experiments with long 
planks allow that tho forward motion of this 
belt at the after end of a plank increases with 
tho length of tho plank, and both Calvert and 
Ahlborn 0 liavo found that, for a perfectly 
piano surface, increase of velocity of tho 
surfaco through the fluid did not materially 
increase tho thickness of tho frictional belt, 
but only incrouftcd tho accelerations of the 
particles inside it, a result in general accord 
with tho equations of motion, when viscosity 
is tho only oxtornnl force acting. Ahlborn 
also found that the thickness of tho belt at 
the after end of his planks increased lmb very 
slowly with increase of length of surface, 
particularly when this was smooth. 

§ (8) JIksistanou or Smooth Planks.— 
Tho amount of onorgy dissipated in this way, 
by smooth bodies moving in wntor, lias been 
investigated by Benufoy, Fronde, Gchore,’ and 
Baker, 8 oto. Tho results obtained for smooth 
planks, by these oxporimontors, arc given in 
Fig. 1. The ordinates are values of R//»V 2 , 
and aro plotted to a base of VL/r, whore 

It is tho resistance in lbs. per square foot, 

V is tho speed in ft. per second, 

L is tho length of surfaco in feet, 
v is tho ldnomatio viscosity of tho water, 
p is tho density in lbs. per cubic foot, 

for in this caso we can show that 

R=pVW(y). 


Provided that ono is dealing with bodies 
similar in form and nature of surface, the 


a Phas. Ilev., 1020. 

4 /a.si. Narat Architects Trans. xL 
6 Ibid, xxxiv. „ „ , „ 

“ Hchifflmutcchnische.il Oesellscmjt, x, 

1 Sehiflbuu, ninth year, Nos. 12 and 13. 

» N.li.C. Insl. Eng. itnil Ship. 'Irons, xxxlt. 
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value of R//iV- fit any valuo of YL/j/ should 
l)C llm Kamo, whatever llio dimensions of tho 
bodies. 1 Although uono of tho planks whoso 
results are given wore made “similar” in nil 
their dimonsions, tho figure shows that except 
lit low VL/r this dilfcronco luul iittlo effect, 
and the monn curve may ho taken ns defining 
tho lesistnnoo of a long smooth plank in water. 
This curve pusses well through tho spots 
obtained by j'Youdo and Laker. Gobor’s 
results lie a little below these. His experi¬ 
ments wero nmdo with tho top of his planks 
out of water, and the difference in result may 
bo duo either to this or to tho very great care 


£-0010 


Slcin Friction Resistance 

Smooth planks & motlets in water and In air 
Values of djj to a basa -^r 
For definitions of terms and units ant §11 
Tlio earns ailoptad for power estimates (§11) 
Is based on Ilia enrna marltcd 1 


.J. 


.1, national Tank I foot plank 

I. .. 6 „ „ 

5. debars SOe.m. plank 

I. IS foot shin model 8 .3 foot similar modal In air 

!>. frauda'a 3 S foot itlank 

ID. .. 1-0 ., .i 

II4-It boards- In air 

13, Stmt ofBOC’J section, I fool In length 

axio’ sno* rxio* txio’ txio 1 >xio* SiTi' 


T- 



Refcrulico 

I. W.r rondo's 50,25 4 IGfoo I plonks, and National I ank 
18 4* 18/rol rdanks 

i,(labors 6.13. 4(0,360 ft IfiOc. pip. ,j/nnlx 
4 .Binufoj’s planks /r-13fool raft 

10X10* 16X10* 80X10* 86X10* 00X10*36X10* 40x10* 46X10* 

Scale of >- 

kid. 1. 


takoii liy <leliors to obtain a perfeotly smooth 
Htirfnoo. 

iloiuifoy’s oxpnriincnU wore made from 1780 
to 1708, his object being to dotormino tho 
Motion of a surface following behind a tupored 
fora oml, whoso nmtatimeo was separately 
menmirad. TIiIb jnooeduro, and other comli- 
i ;,m..p ,.r t(„, oxporimontH, lend to hodio small 
oiea, and the difforonco between his 
the moan curvo are attributed to 

nnks of short length differ 
nly between tlio worlc of 
tors, but botweon different 
•v «*o sumo individual. Carotid 
mdo in tlio National Tunic have 
this region of VL/r a great deal 
tho noon rate sotting of tho 
id that with a perfeotly uniform 
nee a much lower resistance is 
1 Similarity, Principles of,” § (1«1), 


obtained than is tho easo oven with quite 
small irregularities in speed. It is believed 
that in this region, when tho speed is steady, 
tho flow is more nearly viscous in character, 
but is easily changed to sinuous with any 
irregularity. This probably also explains the 
large difference (allowing for density) between 
tho friction of planks obtained in air and 
in wfttor at tho mime VL/i>. In an air ehannol 
tho fluid is overywhoro in sinuous and dis¬ 
turbed motion, but with water there is no 
such motion to start with, and its develop, 
incut may sometimes lie avoided; tho frictional 
resistance will then bo smallor. 

§ (0) OnAltAOTHa Of Sukrace. — Tixpori- 
monts made by W. Fioude, Baker, and Taylor, 
with slii]) models varying from 10 to 20 ft, 
in length, show that no appreciable variation 
of resistance is experienced with surfaces 
having a coating of shellae varnish, rod-lead 
paint, black-lead varnish, paraffin wax, ami a 
number of ships’ “ compositions,” and it can 
bo concluded that the data for smooth planks 
hold good for any reasonably hard smooth 
surface. It 1ms sometimes been suggested 
that skill friction might bo reduced by blowing 
air into tho water at tlio surface of tho body. 
Very complete experiments made on a Inigo 
paddlo steamer showed that tlio presence of 
tho air had very little effect on the resistance 
—and snob off cot as was detectable was not 
good. Experiments with planks lubricated with 
oil Itftvo boon made in the Washington Tank, 
Tho presence of t he oil increased tho resistance 
by 5 por cent, but this diminished as the oil 
was washed oil. 

A ship's surface is made up of a number of 
strips of plates worked longitudinally so that 
tho edges of tlio plates are exposed. The area 
of wotted surface is increased slightly by this, 
and in tho easo of a moderately fine form tho 
resistance was also increased !l-7 per cent. 
If those longitudinal strokes of plating are 
made up of a number of short lengths of plate, 
tho after end of ono lapping over tlio foro end 
of tho noxt, there is a considerable incroaso 
in resistance. This is tho condition which 
exists in nil ordinary ships, and experiments 
with models having similarly arranged surfaces, 
with the plating thickness correct to sonic, 
indicated a 10 per cent incroaso in resistance. 
The incroaso varied with tho thickness of 
plates, tho abovo figure being for a 400-ft, ship 
with strokes of .J-ineli plating 4 ft. wido, the 
plates being 20 to 24 ft. long. Other experi¬ 
ments with these ship models wore nmdo with 
tho foromosb eighth of tho length porfcctly 
smooth, tlio rest of tho surface being coated 
with plates as abovo. These showed that 40 
per cont of tlio whole increase in resistance 
caused by tho plate edges and ends iB duo 
to these in tho foremost eighth of tho length. 
Experiments with a mudol having a “ calico ” 
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rtii]-fn c . c 8U ppoi-t this result. The extra rosist- 
ivnou due to 1 hcj. ft. of calico, placed any¬ 
where about amidships, on an otherwise 
smooth model of about 10 ft. in length, varied 
from one-half to one-third of Hint for the 
sanio surface placed within 2 ft. of the how. 

■I'he olTeet of a uniform roughening of tiio 
surf act) in given in the accompanying table, 
derived from W. Froudo’s experiments with 
l>l«nlcH. 'There is a marked falling off in 
ofleet of a given state of roughness as length 
is increased, that is, as tlio dimensions of the 
HUrfo.ee increased relative to the size of the 
particles forming the roughness. In applying 
Hiiofi results to a ship it is essential that tho 
I’oitgdniess of tho model shall he “ similar ” to 
that of tho ship. Thus a growth of weed 
about 3 in. in length on tho ship would bo 
t'oprcfKmtod on an average model hy a vory 
rough calico surfaeo, anti not hy weed of tho 
Hat mi length. 

Taiii.k I 


ItKi.A'rivn Resistance or Uniformly Houoii and 
Smooth .Suufaub 


Ncitiiiunt Hnifiiue. 

If lililli of Kiirfuco In V«L j 



B0. 

IIihIhIhii™ |icr S*|. Ft, UmiKli 
RimIhIhIIi'O llOt' Hi). El. SllllKlIh 

Calico .... 

2*2 

1*015 

1*03 

1-80 

Fino sand . . . 

2-0 

1-87 

1*06 

1*02 

Akulinin sand . . 

2-25 

1*05 

1*03 

1*06 

Course sniul . . 

2-75 

2'24 

2*14 

•• 


§ (10) Soi.iu UoiuKS. —Tlioro are no direct 
experimental data on tlio friotion of solid 
bodies in water, and very little guidnneo is 
to ho obtained from tlioory. For vory low 
velocities—i.c. with viscous flow—Loo 1 has 
shown that tlio diameter of tho circular scolion 
of cipial resistance to that of any elliptical 
section is equal to tho sum of tho semi-axes 
of tlio elliptical section, and for a thin plank 
will bo one-half the width of tho plank. Tlioro 
in no authority, however, for assuming tho 
same rule to apply in ordinary turbulent flow. 

If tlio velocities in the theorotioal stream-lines 
for a non-viscous fluid around any solid body 
arc obtained by calculation it will bo found 
that tho mean value of tlio rubbing velocity 
of tho streams, taken over tho wholo form, 
gonorally exceeds tho velocity of tho form 
itsolf, the excess varying with the fulness of 
tho body. For flow in two dimensions only 
this excess varies from II por cent for a full 
form to A por cent for a fine one. For a tlireo- 
diinonsion form of prismatic coefficient -63 
1 Iml. Naml Architects Trans. l\Wl. 


the mean velocity of the streams in contact 
with the form was 1-03 times tho velocity of 
iho form. .Such an increase in velocity must 
carry with it a corresponding increase in 
resistance. Experiments in a tank with many 
ship models at low speed when tlio wave- 
making was negligible showed that the resist¬ 
ance exceeded that calculated for a plank of 
tho same wetted area and length. The excess 
varied from 4 per cent for a long fine form such 
ns a torpedo-boat destroyer to 10 per cent 
for a battleship or liner form, and 10 to 14 
per cent for a full typo of cargo vessel, 

§ (11) Power ausokhko hy Friction Re¬ 
sistance. —This can he estimated from the 
data already given or from tho following 
formula: 

Effective horse-power= •000024SV a,M , 
whoro S is tlio wetted area in scpiaro foot, V 
is tho ship speed in knots. 

This contains no allowance for cither the 
roughness due to tho plate edges and ends, 
which amounts to about (i per cont on an 
average, or for tlio effect of form as given 
above. An addition, amounting to 10 per cent 
in long fino vessels and Hi per cent in short 
full-cargo vessels, is required to allow for these 
effects. The index is based on a logarithmic 
plotting of the data of Fit/, 1, and represents 
tho experiment results for planks at. nil high 
speeds. 

§ (12) Dimensions and Wetted Siiheaoe. 
—Tho smaller the wotted mufuoo of any ship 
cun ho kept, consistent with non-wave-making, 
the bettor will ho tho result, Calculations liavo 
shown that with fixed length Iho surfaeo is 
remarkably non-sensitivo to such factors ns 
fulness of form, hut doponcln mainly upon tho 
principal cross-dimensions. Tlio wotted sur- 
faco per ton of displacement will doorenso with 
cithern Increased draft, tlio beam being fixed, 
or with increased beam, tlio draft being fixed, 
and the beBt ratio of boanr to draft is that 
which gives tlio 
samo reduction 
of skin per ton 
displace men t 
for either beam p IQ> 2 , 

or draft varia- , 

tion. If n simplified form of ship having all 
horizontal sections of the shape shown in 
Fig. 2 ho considered, tho best ratio of beam 
(26) to draft («) is given by 

26_ 9 2c 2 jbK / 6M-c 5 

a {I + c) V/jM- c s 

For a ship form with rounded seotiotis tho 
ratio is about 0 per cont less than the 
formula indicates, and is about 2-8 for a form 
having parallel body for about 30 per cent of 
its longth amidships, and somowhat less than 
this for forms with 50 per cent of parallel body. 
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When the displacement ami length are kept 
constant, if the ratio of beam to draft is near 
that given above it may he ehangod to a 
quite fair extent without any noticeable olToet 
upon the wotted surface of (ho ship. 

III. Eddy Resistance 

§ (lit) Eddy-making. —In the .strict sense 
of the word eddy, nil frictional resistance 
might lie classed under this heading, as the 
frictional holt consists largely of eddies, Put 
by long usage, it has come to mean that 
resistance duo to eddy formation or broken 
stream - lino flow, produced by some enuso 
apart from skin friction or only indirectly 
duo to skin friction. 

When water is inado to flow along a pipe, 
from a largo to a small diameter, no matter 
how rapid the change in diameter is effected, 
no material break up of the How takes place, 
but if the flow ho reversed it is found that, 
unless tho inorenso in sectional area of the 
pipe is very gradual, tho steady flow will ho 
broken up, and thoro will ho a tendency to 
form a central stream surrounded hy an eddy¬ 
ing annulus. This same phenomena is always 
liable to occur around any solid body snoh 
as a Bhip, at such parts whore tlio flow may 
bo divergent in diameter. For the mainten¬ 
ance of the stream-lino flow around such 
forms, areas of high pressure uro required at 
tlio two ends, with regions of variablo but 
always low pressure between, and tho particles 
o£ water ns they meet tho nftor body have to 
pass from low- to high-pressure areas, just ns did 
tlio water in tho expanding pipe; and if the 
rato of expansion of the strcam-bulics necessary 
to keep contact with the form exceeds a certain 
amount they will not follow Urn form. More¬ 
over, tho water particles moving into tho high- 
pressure area automatically ran dor up wlmt 
H|>oed they may have, hub if this is not 
miflieiont to maintain the necessary pressure 
they tend to stop still. What will then happen 
is not very clear, hut there will ho a broak-<lnwn 
in Ilia general stream-lino arrangements at 
bids part, In a porfoot fluid of infinite oxtent 
Huoh break-downs will ho possible when the 
total ehango of velocity head is equal to limb 
corresponding to discharge into vacuum, and at 
a free water surfaco, where tho atmospheric 
pressure must in any case bo maintained, the 
requisite velocity ehango will bo vory much 
smaller. With a viscous fluid flowing past a 
fillip tho streams quito close to tho form will 
have hist a good deal of their speed before 
reaching tho after body, and tho liability 
to form eddies will therefore bo increased. 
Whon there is a free surface to tho fluid—as 
is tho ease with fill ships except submarines— 
tho ohanco of eddy formation is still further 
in creased as indicated aliovo. •' 

. Tho pressures whioh would exist without 


any free surface are different from those actually 
existing, owing to tho formation of waves 
The energy dissipated in these waves is ex¬ 
tracted from the stream-lines, and there is 
less aggregate energy in theso close to tho 
form at tho after end than at tho fore end 
In addition to this it must ho remembered 
that at tho after end thoro is a considerable 
upward flow of tho particles closing in around 
the stern, and this demand for greater potential 
energy is sometimes more than tho particle 
can satisfy, and a break-down occurs. 

Eddy-making of this kind, therefore, is to 
some extent dependent upon the bnlkiiuss 
and abruptness of feature of the ship, and to 
a smaller extent upon the wave-making (which 
will vary with tlio speed) and tho skin friction. 
The energy lost in the eddies thrown off will 
vary with the square of the whirling velocity, 
tho sizo of tho eddies formed, and tho rate 
at which they are sited. There is no oxperi- 
mental information on the latter point, but 
provided that this factor can bo assumed to 
he relatively the same in model and ship, and 
in so far as tho liroak-dcnvn in flow producing 
tho eddios is dependent on form and flow in 
general, tho resistance duo to ib will vary in 
accordance with Fronde’s law of comparison. 
But sinco tho frictional resistance is known 
not to vary ns the Bqunro of tlio volocity, 
from what has been said it is evident that tho 
aeournoy of tlio eddy - resistance estimates, 
based upon tho use of Fronde’s law, will ho 
affected to tho small oxtent to which any 
break-down in How depends upon this factor. 

§ (M) Eddy Rkhistanok. — Experiments 
with ship models havo shown ; 

(1.) When eddy-making is produced by ab¬ 
ruptness or bluntnoss of form the consequent 
resistance varies with tho square of tho 
velocity within tho limits of tlio experiments. 

(ii.) With increaso of speed tho extent of 
tho eddy formation ineroases slightly, t'.e. the 
break up of the stream occurs at a position 
which moves forward slightly with high speed. 

(iii.) To avoid eddy-making the after end 
of tho form must bo so designed that tho 
Htroam-lincH if thoy arc to oxist shall in no 
onso ho inclined at an angle in excess of 
I(i° to 20° from tho lino of motion of tho 
form. Tho lower figure should bo used with 
high velocities (for example, for airships 
and torpedoes ](i° is the maximum slant of 
a longitudinal section of the tail) and tho 
upper figure for low velocities (ns in cargo 
vessels). 

(iv.) For ordinary mercantile ships of low 
speod, having reasonably good lines, tho 
minimum length in feet of actual tapered 
nftor end, measured from tho seotion at which 
tho reduoton of sectional area begins, to the 
atom post, is given by 

L=4-l \/immorscd midship section area in sq.ft. 
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W«iv«-making considerations nmy, of course, 
demand a greater length than is given hy tho 
al)ovo formula. 

§ (1») II io a i) Hh.hi9Ta.vor.—A second form 
of ed<ly resistance devehqicd hy a .slii|), some- 
tun oh called “ head resistance,” is due to such 
features ns condenser scoops, bracket arms, 
wel> supports to the propeller shafts, thick 
stoma, and stent posts. This resistance, how- 
ever, constitutes only a small portion of the 
total. Thick stems, stern posts, and con- 
deiiBer scoops present a Hat face to tho 
.streams they meet. Their resistance is given 
hy tin? formula 

li = l-12V 3 , 

where It is resistance in lbs. per sq. ft. of area 
of ju'ojoctcd surface, V is the velocity in ft. 
pot- fieo. 

If tho propeller shafts are carried in a ease 
Biipiinrtod hy a deep tvob or 11 lmssing ” from 
tiio Hltip’s side, tho ronisluncu of this bossing 
Ciau ]>o reduced to almost its shin friction, 
provided tho plane in which tho web is worked 
is along tho natural lino 
of flow of tho streams 
in this part. If the pro- 

_ poller shaft is supported 

—~—ffi rmiifj" ~~^v ) by huge bracket arms 
■ -— fi.—near tlto propeller tho 

!' .— L *\ rcsistancoof those struts 

])'[(!_ «i_ or arms is given by tho 

following formulae for 
two types covering a rat ho r bad and a normal 
section, 

iSfcL-ut arms of section A, Fig. 11, 

•OH and abovo — =(lx 10®. 
pv 2 t> 

Strut firms of Bcetion Ji, 

-Sg=3*004 at and above -^=8 x 10 B . 
pV 2 i' 

R, is tho resistance in lbs. por sip ft. of tho 
product length L of section and length 
of arm or strut. 

ft is tho density of the fluid = 1*99 for salt 
water. 

v is tho kinematic viscosity of the fluid, which 
for salt water varies from 1-98 x 10 _B 
at freezing - point to 1-29 x 10 _B at 
15 ° 0 . 

In both onses it is assumed that tho piano of 
tho Htrufc arms is in tho lino of flow. At lower 
VJ -*! v values tho H/pV 2 vnlucs steadily increase, 
nncl the rale of inoreaso becomes abnormal 
bolovv VL/n«l-0x 10 s . 

Tlio velocities to bo used in theso calcula¬ 
te n.s arc those of tho streams passing tho 
Hcoop, struts, etc., which, owing to tho stream- 
lino effect and tho frictional holt, will vary 
from *0 to ■!> tlio velocity of tho ship, The 
higher figure holds for fine ships, tho lower 
for full-bodied oconn tramps. 



IV. Stream-mnes or Ship Forms 


§ (l(i) Sthkam-i.ine Motion. —The forces 
and velocities produced in a fluid hy the 
motion of the body through it are usually 
calculated on the assumption that the fluid 
is non - viscous, perfectly homogeneous, and 
incompressible. Tho motion of the particles 
in such eases is fully determined by-the well- 
known equations of motion. Tho justifica¬ 
tion for applying tho deductions from such 
calculations to tho flow around ship forms 
lies in the fact that it is found experimentally 
that the main body of water does flow in much 
tho same manner as the mathematical solu¬ 
tions would lead one to expect. 

In ship design a knowledge is required of. 
tho relative velocities of ship am! fluid particles 
at various positions along tho ship, when it is 
moving at a uniform speed. Tho problem 
is moro easily solved mathematically, and 
pictured mentally, hy adopting tho standpoint 
of an observer on the vessel, and considering 
it ns fixed and tho fluid moving past it. When 
at every point in the fluid the velocity and 
direction of flow remain constant in time, tho 
motion is said to ho “ steady." A number of 
fluid particles, originally moving with uniform 
velocity in a straight fine, will then continue 
to follow one another, hut along a deflected 
path, as they approach and recode from tho 
body, and will constitute what, is called a 
“ stream-tube.” Tho extent and naturo of 
theso displacements can sometimes bo deter¬ 
mined if tho slmpo of the body can be ex¬ 
pressed by certain algebraic formulae. 1 

§ (17) Theory. — Tho motion, when ex¬ 
pressed ns an equation, is nob always easily 
pictured, and a graphical interpretation of 
the result is generally moro convincing. As 
is explained in the article on “Stream-lino 
Motion,” tho motion of tho particles can bo ro- 
prcBontcd by tubes through which they movo; 
tho oross-Hoction boing constricted whoro tho 
particles flow faster and expanded whoro they 
are retarded, tho actual velocity at any point 
varying inversely ns the cross-section of tho 
tubo. Tho calculations are considerably sim¬ 
plified hy assuming that the flow is “ two 
dimensional ” in character, t’.e. takes place in 
one piano only. 

For example, tho flow around an oval of 
length 2 v^ 2 -I- 2«&) and breadth equal to 2 b 
is given hy tho equation 


, rt Ui . 2a// 

^ “ Uy ~ 2 coF 1 - (i/a) tlU1 a 2 - >' 2 


\f/ being tho stream function 
velocity in tho uniform portion 
This equation is obtained by 
motion of a single source and 
apart with a uniform flow of v..— v - — 

1 See “ Strcn in-lino Motion." 
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the direction from source to sink. The blunt 
etui o£ tlu: body for which tlio above deter¬ 
mines t he stream-lilies hours little resemblance 
tn ship lines, which nro usually given a sharp 
angular terminal ion. 

$ (18).—Taylor 1 has developed a method of 
obtaining ship-shape stream forms and their 
stream-lines by combining an infinite number 
of sources and sinks of varying strengths lying 
on a straight line, with a uniform flow 
parallel to tho line of the sources and sinks. 
The values of i p due to the sources and sinks 
are calculated nt n number of points for a 
series of abscissa values. For each abscissa 
value a curve is plotted so that its horizontal 
ordinate at. any y value is the fz value for 
Hint y and abscissa. Points on a stream¬ 
line are given by tho equation \f/=zX}y+ con¬ 
stant. Such points can bo picked out and 
tho stream-lino drawn by joining thorn. An 
intinito variety of forms can bn obtained, 
by varying tho strengths of tho sources 
iiiul sinks at difl'orcmt points, and the Btrcnm 
form will bo a closed one, provided tho 
total Houroo and sink strengths are equal. 
Tho length of tho stream form will ho tho 
length of the source-sink lino; its breadth will 
depend upon the rolativo strengths of tho 
sources and the uniform flow. A number of 
forms obtained by this method are given in 


2d being the distance between the boundaries 
An infinite number of such sources and sinks 
in a straight line, of varying strength deter¬ 
mined by the constant A', arc combined with 
a uniform flow. Tho procedure is much the 
samo as for tho unrestricted fluid. One ox- 
amplo in which tho source-sink strengths have 
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The stroAin forms nro symmetrical about amidships, 
Fig. I. 


/'Yiy, 4, together with the distribution of 
pressuio along them. 

This method ItnR boon extended 3 to deter¬ 
mine the stream pressures around two-dimen¬ 
sional forms with pointed ends, symmetrically 
placed midway between boundaries parallel to 
tho direction of motion. .For this tho stream 
function ^—A tan' 1 yfx, for a source or sink 
in nn infinite fluid, is replaced by 


iMA'tan- 1 


t ail (tfx!2i>) 

ton (mjl2d)' 


Inst, Natal Arehilects Trans, xxxv, 
* Ibid. lv. 


been so adjusted as to give tho same form ns 
in open water is given in FI,,, fi to illustrate 
tho cIToot of boundary walls (for effect upon 
resistance sec § (M)). 

It is possible by tho sourco-and-sink method 
to cnloulato the How around solids of revolu¬ 
tion, moving along their axes of revolution, 
and tho easo of such a solid in a concentric 
cylindrical boundary can also bo treated in 
this way. 

§ (10) Kxpkkimkntat. MiiTirons.—Such in¬ 
vestigations neglect many factors which may 
be important, especially in the easo of the flow 
around ships, and for such purposes experi¬ 
mental means of determining tho stream-lines 
have been developed. Taylor's method 3 
consists or coating the surface of a wooden 
model with glue, which is painted over with 
a strong solution of flcsqui-ohlorido of iron 
(l.'e a (/l 0 ). Tho model is towod in fresh water 
at n speed corresponding to the normal speed 
of tile ship it represents, and a strong solution 
of pyrngnllio acid is ejected through small 
holes bored through tho bottom. The acid is 
washed aft by the water, and coming into 
eon tact with tho FeX*I a leaves a dark divergent 
murk or pencil on tho surface of the model. 
Snob lines show that, broadly speaking, in 
ships with oross-scotiotis approximating to 
a rectangle amidships, tho flow is divided 
into two parts. The first, near the surface, 

a American Soc. Naval Architects Trans . xv. 
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approximates to two-dimensional flow in nil 
almost horizontal piano, and the second passes 
down in steep diagonal planes under the 
bottom at the fore end, and rises again along 
similar planes at the stern. The lino of 
division of these two main flows is approxi¬ 
mately along a diagonal piano at the bilge, 
and recent work at the National Tank lias 
led to tho conclusion that, where these two 
typos of flow ineot, tho actual flow is fre¬ 
quently unstable, and there is probably some 
difference between tho velocity of flow along 
the sides and bottom. This method only 
defines the flow oloso to tho surface, and the 
stream-lines so obtained are to a certain extent 
ufTcotcd by tho frictional bolt. Thoy are, 
therefore, not absolutely reliable as a guide 
for tho direction to he given bilge keels, shaft 
wobs, and other necessary under-water pro¬ 
jections from tho ship’s snrfaco. For this 
purpose a number of small (lags aro used, 
each of depth equal to that of tho proposed 
projection, each carefully bnlanncd in water, and 
secured to a spindle passing through a gland 
in tho surface of the model, at tho point whore 
tho flow is to ho determined. Tho inner end is 
fitted with a pointer moving ovor a graduated 
scale. Tho positions taken up by the pointers 
are recorded during each lest, and tho flag 
positions aro afterwards transferred to the 
model surfano. These (lags have been used 
successfully on several occasions to determine 
the flow at some distance from tho hull, as 
well ns oloso up to the form, 

§ (20) Piuoshuhf, DiHTHinnTiON. — The 
general characteristics of tho pressure curves 
for ship-shape stream forms arc as follows: 
From an infinite distance in both directions 
tho pressure slowly rises from zero until it 
roaches tho neighbourhood of tho onds of tho 
form. It then rises rapidly to a maximum 
positive pressure, falls sharply to a maximum 
negative pressure, and tho negative pressure 
persists along tho centre portion of tho form. 

A close study of such pressure curves gives 
a oluo to tho particular features of tho form 
wliioh produce large pressure differences, and 
is a valuable aid to tho ship designer in deter¬ 
mining the shape of tho water-lines near the 
surface. Tho value of tho maximum pressure 
is greater the fuller tho form, and occurs 
nearer tho end when tho slope of tho form at 
that end is increased. Conversely, the finer 
tho form tho lower the maximum positive 
pressure, hut the greater becomes tho length 
of the form over wliioh tho positive pressure 
ooeurs. Tho governing feature producing the 
maximum nogativo pressure botweon the ends 
and tho contra of tho form is tho curvature, 
or rate of change of shape from tho cntranco 
to the section of maximum beam. The quickor 
this curvature, tho greater is the maximum 
nogativo pressure. 


Rankiuc has shown that for two-dimensional 
flow round an oval whoso length/bread tit 
equals N /.H (called a lissoneoid) tho pressure 
changes aro more gradual than for any other 
oval. If the ratio is less than tho pressure 
ourvo lias its maximum negative pressure 
botweon each end and tho centre of tho oval, 
while if it is greater than s /S tho greatest 
negative pressure is at tho middle of tho oval. 
This suggests that, ignoring wave-making, tho 
best proportion of length of entranco/half-beam 
in a ship would lie but many experiments 
with ship models show that this ratio can ho 
exceeded with good results. 

Tho maximum pressures of the various 
forms of Fir/. 4 occur at different positions 
along their length. If tho ship designer can 
so arrnnge his form in tho immediate vicinity 
of tho surface in such a way that the maximum 
negative pressure of one water-line is partially 
over tho positive pressure of a water-line 
sumo small distance below it, tlio not resultant 
pressure will bo small, and tho snrfaco move¬ 
ment will also 1m small. This has been 
aebioved in aortaln low-speed cargo boats. 
A full snrfaco wator-lino is essontial for 
commercial reasons, and cun bo associated 
with finer lower water-lines stepped back 
relative to tho upper ones, so Unit, duo to 
both their liner angle and tho actual set-buck, 
tlioy lend to croato their positive pressures in 
the sumo section us tho fuller load wator-lino 
In trying to croato negative pressures. (Son 

§ (31) ) 

§ (21).—A word of caution is necessary n» 
drawing deductions from theorotienl stream¬ 
lines, and applying them to practice without 
oxporimentai confirmation. It must not ho 
forgotten that in the theory a ** porfoot ” 
fluid is assumed. With this llioro is ordinarily 
no possibility of a break-down in the flow, as 
explained in the section on eddy-making, and 
the effect of tho freo snrfaco and its movement 
uiulor any change of pressure is ignored. Also 
flow in threo dimensions is at present cnleulablo 
only on tho assumption of tho flow being 
symmetrical about an axis, or, in other words, 
by ignoring the offucb of gravity upon tho 
system ns a whole. 

V. Wavk Rksistanoh 

§ (22) WAVKS.- —The nature of the stream- 
lino pressures set up around a moving form 
has already boon described. If tho fluid 
wore a perfect one, and tho body well belo w 
tho surface, tiro total fore-and-aft force on 
tho form would bo zero. TIiIb would also bo 
tho ciiho at tlio surface if the snrfaco is supposed 
rigid, despite tho fact that tho presence of 
this boundary snrfaco had caused considerable 
differences in tho fluid pressures. In mteli a 
ease tho surfoco would bo subjected to press¬ 
ures varying in tho systematic fashion already 



720 


Slirp RESIST A NCI'] 

described, and if its hypothetical rigidity in 
abandoned if will form into humps iitul hollows 
under (Jin inlliicucn of tlmao pressures. This 
alteration in pnll-om of surface rtfuets another 
ni<uli (icilMi >ti in the stream pressures, and (ho,so 
will therefore vary to Homo extent witli flic 
waves formed. Pn the ease of u h!i£|> travelling 
on Mm walor, llio total weight in constant, 
nml, ncgluoliug iiny vortical accelerations, Llio 
immersion of Mm hFi i|» whim in motion must 
always automatically viuy ho that. Iho vorti- 
mil roHiiUiuif pressure mi it in equal to its 
weight, ami this alteration iilToels Iho whole 
system to n small extent. Tim linni pressure 
system created is therefore the balance 
nnhinvod under theso varying influences, eon- 
Hill tent with tlio freo surface being ono of 
omiHliml; pressure, and llio upward foreo on 
fh« hull remaining constant. Its genorul 
oIiaranfoi'latioH remain Iho Hiuno as when the 
form in submerged, Imt their relative miignitudo 
mid iiiijiortiuuin change with form and speed. 

$ (2!l) Tiikoky.—T he disturbance of Iho 
surface produced hy a point of pressure 
travelling in a straight lino ovor tho Hiirfneo 
of tho walor him horn eonaidorod by Kelvin 1 
and Havelock.' 1 This uoiikIhIh of a syslom of 
trunsvcriio waves travelling with tho originat¬ 
ing point, nsmmlalcd with divergent waves all 
radiating from the point, tho wholo piiUorn 
lining contained within two Hlraight lines 
radiating from tho jsiiiit at an anglo of 11M0° 
to tho lino of motion. Tho height of suo- 
oi'Hslvo tmi inverse wave orcsts at llio ndddlo 
lino diminish in tho invemo ratio of tho square 
root of tlioir distance from tho point. Near 
tho outer hmmdiirios of Mio wavo system, 
tho crest of euoh ImiiHvorso wavo is hnnt I wok 
ami joins a divergent wavo in a eiisp, mid 
those three waves form a sort of triangle with 
curved sides, of whioli 1.1m rasps at the eomers 
iiro the highest points. Tim heigh Is of theso 
oinips diminish with dislaneo from tho point 
at a slower rain than do Iho transverse waves, 
ho that Llio divergent waves limiomo relatively 
more marked toward* Mm rear. 

Thom lire, however, very serioiiH dift'oroneoH 
between Much a point of pressure and iho 
presume synloin of a nldp, in foot, tho wholo 
Hoioneo of ship form design has arisen largely 
from the windy of these dilToromms. .11 uve- 
lonlc !l has traeeil tho elfeot of a travelling 
pressure disturbance similar in olinmoter to 
those of Fiy, *J, (lie work lining iionihuid to 
two dimensions, and transverse waves only 
lining foriimd, If this pressum iH independent 
of the tipiNid, there js u eerlain speed above 
M'lnoJi Hie wave formation continually dimin¬ 
ishes, If the pressure varies as hoido ]savor of 
the iiproi! less Mum two, llio vosiHtaneo tends 
‘ - limiting Unite value as up cod. iiuircnsos 

1 ftlnth. nmt }'h r/n, I Vipers, Li, uml Iv. 
loll. Moo, I'rac. A, Ixx.vl. 1 lhid. txxxlx. 
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indefinitely, corresponding to diminished alti¬ 
tudes of waves at llio higher speeds. Tho 
interference between tho waves set up hy tho 
two ends, anil other features, aro similar lo 
those described later, hut tlm supposition of 
two-dimensional motion rides out any divergent 
waves. 

§ (21) Wav hi Tiiainh. —Tho deformation of 
Mio water surfaeo resulting from tlm motion 
of all ships, except hydroplanes or skimming 
boats, has always the same general ohnmolor- 
isties. Most noticeable aro two trains of 
waves of short length along euoh crest line, 
commencing with a lumped-up wave at llio 
lww, and trailing away oil each side along a 
diagonal lino, in mioh a way that each wavo 
is stepped behind its predecessor. Theso uro 
called tho how divergent waves. 'Between 
the divergent waves on either side of Urn ship 
other waves are formed, having their orest 
lines near the ship at right angles to tho direc¬ 
tion of motion, Imt bent backwards slightly 
us they approach and eoaleseo with tho 
divergent waves. These waves have a definite 
length between eonsonutivo crest lines, given 
in foot hy 'Jn-Y 3 /'/. where V is the ship’ll speed 
in feet per second, and successive waves vary 
in height in tlm inverse ratio of the square rent 
of thoir distuned from some point in tlm how. 
Theso waves are known ns tlm how transverse 
waves, and are most readily seen in profile 
along Iho side of full-ended ships, such ns 
ocean cargo vessels having long lengths of 
parallel body, when forced above their natural 
or economical speed. The older end of each 
transverse wave is assoeiatoil with a divergent 
wave, and remains nssneinlcd with it at all 
speeds, i.r. ns the divergent wave nmvoH out 
along the diagonal line, (ho tnuisvorsn wavo 
drops aft and increases in length of crest lino, 
These two sols of waves together eonsMlulo 
llio principal wave features of the how, and 
are known ns the how wave system, Tlm 
middle portion of a ship, throughout which 
the section remains tlm munis dues not givo 
rise to any additional waves, Imt at llio after 
end another wave system, consisting of 
divergent ami transverse waves, is formed, 
Tho transverse waves, in this ease, eommenco 
with a trough, which tends lo form whom 
tho sections of the ship begin to reduce in 
area, and is followed hy a crest at Mm stem 
post. The divergent system emmneiiees at a 
varying distance abaft the first trough, lint 
is hardly visible in a well-designed low-speed 
slop. 

§ (25) ( JlfAIIAOTKlt IHT10S OK DlVBlUIJJNT 

Wavkh, —The first wave, at (lie bow of a 
low-speed ship, is generally called a “ how 
breaker” when it extends across the bows 
nearly at right angles to tlm middle line, with 
tho outboard ends curved buck, frequently 
foaming along llio front slope of llio crest. 
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Tim rest of 1 ho waves following the bow 
breaker are different in diameter, their crests 
being concave outwards, all of them making 
a much smaller- angle with the direction of 
motion. Each succeeding wave is longer and 
smaller in height than the one in front of it. 
The perpendicular distance between the crest 
lines of consecutive waves when clear of the 
ship, is given by (2 ttV 2 /f/) «>*' s /t their velocity 
measured in the same way being V sin (■!, 
where V is the ship speed in feet per second, 
and [1 the angle between (ho crest lino and the 
direction of motion. 

A straight lino drawn from the how through 
the points of maximum height of all the 
divergent waves on ono side of the how, 
makes an angle with the middle lino approxi¬ 
mately one-half that of the individual crest 
lines, and this relation holds good at all 
speeds. Increase in speed decreases nil the 
crest-lino angles, and in vessels of moderate 
spend the bow breaker becomes similar in 
character to tho other echelon waves. 

At low speeds all tho particles forming these 
waves maintain their general position relative 
to each other, but with increase in ajmetl tho 
particles of tho surface levels near tho stem 
move out and in very rapidly, as well as up 
and down, ns the divergent wavo crest pusses. 
At still higher speeds, only the outward and 
upward movement remains, and in Hindi vessels 
ns destroyers and hydroplanes, the surface 
levels at tho crest of (ho primary how divergent 
wave consist of water thrown out in a curling 
broken stream from tho ship's bow, and 
tho otiorgy in this water is irrcoovornbly 
lost. 

The angles between tho crest lines and the 
middle lino of tho ship vary from 10° in a de¬ 
stroyer travelling at lib knots, to 2(1° for a liner 
at normal speed, and 33° for a full-ended ocean 
cargo vessel a t about 10 knots. Sharper angles 
to all tho level lines of the foro end of tho ship 
usually prnduco smaller angles of divcrgonco, 
and diminish tho height of the bow broakor 
and the amount of brokon water along its 
forward edge. 

. The divergent waves at tho stern in low- 
speed ships are hardly noticeable, hut whon tho 
form has rapid clmngo in curvature ns tho 
lines approach tho stern, a sot of divorgonfc 
waves becomes apparont, commencing with Us 
primary crests a little abaft tho first hollow 
of tho stern transverso system. Tho angles 
of tho crest lines and other characteristics aro 
practically tho samo ns those of tho how 
system. In high-speed ships tho primary 
orest of tho divergent system starts from a 
point near tho aftor end of tho ship, and is 
noticoahlo at all speeds, hut its importance 
diminishes with speed. 

§ {2(1) Oir.UlAOTKUISTICS OF Tjiansvkksb 
Waves. —Each wave of this system is of finite 


length measured along its crest. In contour 
these waves depend to some extent upon tho 
ship's form, but they aro usually much 
steeper on the forward than on tho after 
slope. They arc not so well marked as tho 
divergent waves at ordinary speeds, hut owing 
to the larger amount of water involved, the 
energy they absorb is considerable. 

If the bow is sufficiently removed from tho 
stem for the motion set up by it to he negligible 
there, then two complete wave systems are 
formed. As a rule this is not the ease, and 
the waves seen at the stern are the result of 
the two systems coalescing. They naturally 
vary in height and position with tho ship’s 
speed, length, etc. Hut for all moderate 
speeds the positions of the how and stern 
pressure systems accompanying tho ship do 
not clmngo materially as tho sliced varies, 
and tho primary bow crest and primary stern 
hollow always lend to form at the sumo posi¬ 
tions along the ship's length. Observation and 
analysis of many experiments have shown 
that the distance between a point half-way 
between the primary bnw crest and hollow, 
and tho trough of the primary stem wave, 
can he expressed in terms of the ship’s length 
and fulness, and is given by d—ph, where 

L is the length of tho ship; 

p is tho prismatic coefficient, or tho ratio 
of the immersed vnlmno to the pro¬ 
duct <»£ tho length and largest unction 
area; 

so that if is the displacement divided by the 
largest section area. 

Tho height of the resultant crests will dopond 
upon tho phase difforeiuso between tho two 
systoles. If /.'A, is tho depth of the bow 
system wavo hollow at the stern, and tho 
atom system hollow, assuming tho waves aro 
tvochoidal in oontour, tho depth of tho re¬ 
sultant wavo formed will be givou by 

1 A*«#V + A,*+• (!) 

whoreD=*d-i(2irV*)/ff,oris a measure of tho 
plmso difforonco of tho two systems. 

Tho fluctuations produced in tho height of 
tho following waves whon the phase difforonco 
of tho how and stern systems is varied, can 
bo seen from tho wave profiles given in Fig. 0. 
Tlioso results wore obtained with a series of 
ship models having identically the sumo hew 
and stern, botwoon which varying lengths of 
pcrfcotly parallel body wore introduced. The 
dimensions of tho form aro given in tho figure; 
tho speed at which tho measurements were 
taken was 340 ft. per minuto. Tho positions 
of tho primary bow and stern waves wore 
unaffected by tho amount of parallel body 
between them. Tho actual stern system is 
hidden in tho model, but careful analysis 

3 A 


von. i 
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of tho different combinations shows that the 
primary stern waves are ns dotted in the 
(if;ure, and tho combination of these with the 
actual bow system, gives tho final set of waves 
at tho after part of tho ship. 



§ (27) Enuugy ausohbkd in Waves. — 
Every wave evented by any disturbance of 
tho water siirfaeo involves tho expenditure of 
mi amount of energy, and if tho wave oon- 
tonr is troolioidul, this is given in foot-pounds 
by #LA*(1 - 7r 3 /i a /2L 2 ) per foot run of wave 
oroaled, whore L is its length and h its height 
in foot. 

Approximately one half of this is absorbed 


in potential energy, the half height of tho wave 
from crest to hollow being tt/P/JI, ft. above 
the still-water level, and the other half in 
kinetic enorgy involved in the rotary motion 
sot up in the water. Amongst a group of 
uniform waves, on eh particle re¬ 
tains its energy of motion, but 
its potential energy depends upon 
its position. When a partielo is 
to tho rear of its mean position, 
it is always acquiring potential 
energy ns it rises to the crest, 
and it given this up when it is 
forward of its mean position as 
tho back slope of tho wave passes. 
In this way part of its energy 
is transmitted through tho water, 
and the speed at which the whole 
group can travel without a supply 
of enorgy from external sources 
will depend upon the relation 
between the energy so trans¬ 
mitted and the whole enorgy in 
tho waves, In tmohoidnl waves 
this is ono-lmlf, and a group of 
such waves if left to itself will 
advance at one-half the velocity 
of tho individual waves. At each 
end of such a group tlioro will ho 
two or three waves of diminish¬ 
ing height, but othonviso tho 
whole group will maintain its 
uniform height and ehavaotor for 
considerable distances. 

If a travelling disturbance is 
creating such a group of waves, 
tho fore end of tho group must 
move with the volouity of tho 
disturbance, i.c. the velocity of 
tho individual waves, hut well 
clear of (he disturbance tho group 
will move us before with <mo- 
half this velocity, and tho length 
of tho group will inoroaso at 
a rato equal to one-half the 
velocity of the disturbance. 
The enorgy required in unit time 
to onlnrgo tho group in this way, 
divided by tho velocity of tho 
disturbance,, is tho wavo resist- 
anco on countered by it. In a 
ship tho waves formed nro 
not necessarily tmohuidal or 
uniform, but their general 
charaoterlstios nro tho same, and tho ship- 
wavo resistance is governed by tho samo 
considerations ns dotailod above for a 
regular group, and the fluctuations in 
wavo height of tho iinal group at tiio rear 
of tho ship should bo reflected in tho ship 
resistance. 

Havelock 1ms shown that; a travelling 
pressure disturbance similar to those of Fir/. 4 
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will create waves mul experience resistance 
which will vary with 



where u is nearly hut not quite tho longi- 
tmlinal rlistuneo hot ween tho maximum nnil 
minimum values of tho pressure, and A is a 
measure of the magnitude) of the pressure. 
If A bo (al,-on to vary witli the square of tho 
velocity, ns would ho tho ease for a submerged 
body, the resistance consists of an exponential 
term and an oscillating factor. The combina¬ 
tion of two such pressure disturbances, the 
rear one of less magnitude than tho forward 
one, gives a number of terms containing the 
same exponential function, added to terms 
with oscillating factors in thorn. These oscilla¬ 
tions reach a maximum when waves are formed 
of length corresponding to the distaneo be¬ 
tween the two pressure humps, or a pressure 
hump and hollow at one ciul—particularly 
the how. 

$ (28).—Tho effect of tho fluctuations in 
wave height upon the resistance nan ho seen 
from the lower part of Fit), (I. This shows 
the residuary reslstaneo of the models at tho 
saino upend at which tho waves in tho upper 
part of the figure worn measured. Tho wave 
contours marked A, .11, (', etc., correspond to 
aliseissao marked A, 'll, (!, etc,, in the lower 
part of the figure. When a trough of tho 
liow system combines witii a primary stern 
trough, it produces a large wavo and a maxi¬ 
mum resistance. Tho aim of tho designer is 
therefore to chouse suoli dimensions and form 
Unit tho resultant waves formed at tho usual 
or sorvico speed are of minimum height, i.e. 
that I) of equation (1), § (27), nhnll ho equal 
to 2n -1-1/2 (wave-longth corresponding to tho 
spued) or (2a-l-l/2)(rrV a /f7)- Tills can bo put 
in a Homowhat different and practical form by 
wilting 



wavo-longth at s peed V_ 

prismatic eoefileionii x length 


= ■740 


V 

'•jpi’ 


where V is tho spued in knots and L tho ship 
length in foot. 

If or minimum wavo reslstaneo 


(P> , 1 ,, f = sfl s'l oto., 

w Vn-h? 

and for maximum wavo resistance 

(T)= V£, V*, VVr, oto. 

Vn+i 

Tho highest speed for a maximum resistance 
is given by to 1-0. Tins holds good 

for al! destroyers, motor boats, oto., and any 
growth of Avavo resistance boyond this speed 


will ho continuous. When tho cosine term 
in equation (1), § (27), is zero, tho resultant 
wft\’C resistance is that duo to the bow mul 
stern added together, and is equal to that 
which would bo obtained if the middle parallel 
portion avus long enough to enablo tho Avavos 
of tho bow system to spread, so as not to 
intcrforc Avith tho stern system. The speed- 
length values at which this occurs are given by 

(p)»= \/.y, N /|, N /I, etc. 

§ (20). — A second form of interference 
amongst the waves formed by a ship is due to 
rapid change in sectional area of either end, pro¬ 
ducing a maximum negative pressure closo to 
tho maximum positive pressure of the end. 
When tho speed is sufficient to form ft wave 
with crest and hollow approximating to these 
maximumo, tho resistance will increaso nt a 
greater mto. If this form is associated Avith 
double curvature of tho load water-line, two 
sots of divergent Avavos may ho formed, one 
os usual near tho stem and tho second near 
tho point of inflection of the water-lino, Tho 
first set Avill havo tho smaller obliquity to tho 
direction of motion because of tho liner angle 
at tho stem, and these may cross tho second 
sot, giving riso to an interference effect similar 
to that of tho tmiisvcrso waves. The usual 
result of such interference is to produce an 
ilioronso above tho normal resistance at some 
particular speed. It is difficult to give any 
accurate formula for tho speed Avhen these 
ofi'oeis occur, but an inorenso in resistance at 
a speed given in knots by 

V= 1-08 VlongthVdtuporing fore part of ship 

is usually found to bo duo to tho form of tho 
bow being unsatisfactory in this respect. 

§ (30) Efi'kot ok Type and Fohm on 
Resistance:.—T o form a correct estimate of 
tho olfcct of any form oharactoristio, it is 
best to reduce results to soino standard form. 
Ship - rcsi.stanco A'alucs aro therefore usually 
plotted as (o)ordinates to nil absoissa of either 

(b), V/. s /L, or (Ic), wlioro 

@ is tho ratio of tho ship’s speed to tho 
speed of ft Avavo whoso lengt h is ono- 
hftlf tho side of a oubo having contents 
equal to tho ship’s displacement, 

and 

® i re sistance^ _ _ , n „ . home-pow er. 

displacomont x (K) a x V 3 

©» ns defined in § (28), 

V boing speed in knots, 

A displacement in tons, 

L tho length of tho ship in feet. 
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boundary oiYeets a width of channel equal to 
eight lamina in required in deep water, and a 
depth of about six drafts for a cargo boat, and 
7*0 drafts /or n liner, with plenty of breadth 
in the channel. 

Both the abovo causes of resistance nro 
folly developed at low speeds. To them must 
bo added tho larger waves formed duo to 
the greater disturbance and rate of change 
of pressure. This effect is evident at speeds 
given by 

V^knutu— G-0 (depth of water in feet.) 

and increases continuously up to a critical 
speed given by 

(depth of water in feet). 

The constant is slightly lower when V is high 
compared with tho natural wave-making speed 
of llio ship, /.<!• when it is a little above that 
giving a (m for maximum wave-making. At 
tho critical speed llio resistance is abnormally 
large, exceeding the deep-water value in some 
eases by GO to 100 per cent. At still higher 
speeds this increase rapidly dies out, ns tho 
transverse waves nro greatly diminished in 
height, and ultimately becomes somowhat 
less than in deep water. 

The general effect of breadth of channel, 
apart from that already mentioned, is to 
uugmont whalevor wave-making would nor¬ 
mally ho present, and to produco tlteso waves 
at somowhat lower speeds than in open water. 
If both depth and breadth nro restricted, an 
ii reti of channel 200 times the largest immoraed 
section of tho ship is required to entirely 
avoid jiiorenso in resistance at low speeds. 
With a channel of ono-fmirth this section tho 
increase at low speeds was about 8 per cent 
in two eases tried, but increased very much 
at speeds producing shallow-water waves. 

VI. I’itOl'UJ.SKW OF .SiIll's 

§ (87) Tiikouktiijat, Cons!dkhations.— 
This unit be effected cither by such mechanical 
moans as a tow rope, an endless chain, or by 
poling—-methods only fonsiblo in inland 
waters - or by means of oithor of tho two 
fluids in contact with the ship, ix. tho air and 
tho water. With either of these, a forward 
thrust can only ho obtained by tho production 
oE n oliango of momentum having a sternward 
component. This sternward momentum may 
bo produced in tho air by tho action of sails, 
or in tho water by oars, paddles fixed to 
rotating wheels, a screw propeller, or tho 
ejection of water from piping; but windhover 
propulsive) agent is used, for efficiency tho 
ohnngo of momentum must ho as nearly os 
possible in tho direction opposite to tho lino 
of motion, and imiBfc bo offooted with tho 
least possiblo shook. 


I If U is the sternward velocity imparted to 
tho fluid, 

Q is tho quantity of fluid acted upon 
per second, 

V is tho relative velocity of tho impeller 
and the undisturbed fluid, 
to is llio weight of unit volume of the 
fluid, 

tho thrust T of the impeller will bo given by 


T="’UQ, 

!! 

Tho useful work done equals 


TVr=-QUV. 

'/ 

With no loss duo to shock, the \ 
onorgy in the race duo to the | w 
velocity IJ imparted to it is f ‘ 

(lie only and inevitable loss J 


and tho efficiency therefore equals 
V 

V 1(0/2)* 

This Implies that ono-half tho velocity U 
is imparted to the water by tho time it 1ms 
reached the propeller, and the other half after 
passing through it. If the race is rotational, 
and tlio angular and translational velocities 
uro assumed to he (lie same throughout it, 
tho equations for thrust and efficiency become 




rV 

i(V-l-U) 


)• 


/ 1-3 \ / 

' Sr»w»\ 

VRW \ 

. -IUV 


whero J~U/(U-l- V), r is tho external radius of 
the race column, and w its angular velocity, 
it should bo noticed that the loss duo to 
rotation varies witli no/ IJ, which is the tangent 
of the inclination of the spiral path of the 
race particles with the line of motion. 

Tho quantity J? is the ratio of tho sternward 
velocity imparted to the fluid by the impnltor 
to tlio resultant velocity relative to tho im¬ 
peller of tho sternward (lowing stream, and is 
clearly connected with tho slip ratio, as 
defined in § (•<J), 

For maximum efficiency two conditions 
must bo satisfied: 

(i.) Tho momentum must bo imparled only 
in a sternward dirccUoii, and without any 
loss of energy in shock during tho acceleration 
of tho water set in motion. 

(ii.) Tho stormvard velocity imparted to the 
water must bo a minimum, or for constant 
thrust tho propeller must net upon ns huge a 
body of water ns possible. 

If the momentum is ini parted suddenly to 
tho water, tho mean velocity of tho water 
past tho propeller becomes (U i-Y). Tho 
useful work remains tho eamo ns beforo, but 
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tho work put in is now T(U+ V), and.the best 
ollieienoy beeomea V/(V+U). In this ease 
tlio whole velocity U of the moo is imparted 
to tiie water .at tho propeller. 

Thom arc other losses in propulsion, differ¬ 
ing according to the mcohanism used. Chief 
among these are those due to friction of tho 
propeller surfaco and turbulent flow produced 
in impelling the water, but these equations 
serve to show broadly on what factors ellicicney 
depends. 

§ (38) Scmnw Phocei.lkii.—T hese equations 
hold good irrespective of the form of propeller 
producing the momentum, and may ho applied 
to propulsion by oars, by paddlo wheels, jet or 
screw propellers. Of these different mechan¬ 
isms for propulsion hy far tho most important 
in actual practice is tho screw propoller. 
This consists of a series, usually threo or four, 
of fan-shaped blades which rotate at tho storn 
of a ship about an axis parallel to tho kcol, 
and aro so shaped as to produeo hy their 
action on the water a thrust which propels tho 
ship. Owing to ils huge diameter the propeller 
acts upon a large quantity of water which it 
impels to the roar with a steady thrust, this 
sternward moving wutor forming a fairly well- 
delined column at tho rear of the propeller 
called the “ race," or slip stream. It is this 
steadiness of its thrust which separates the 
screw from the paddle and still moro so from 
the our (see § (fill)). 

A somewhat hotter method of considering 
tlio oflioioney of a «cm» propeller than tho 
general one already given is due to Mallook. 1 
A propeller is inado up of n number of blades, 
and each blade may ho considered as mndo 
up of a number of annular strips whoso 
sections aro known. If such an olomontary 
annular strip is moving along tlio axis OY, 
and is rotating at tho flftino time about an 
axis parallel to OY, its path then will bo 
along a iiuo OX, and wo assume this is inclined 
at a small angle to tho chord of tho element. 

Its motion will bo resisted by a force It 
acting in tho diruction XO j lot 1)10 represent 
this force. It will also lie subject to a forco 
L due to tho pressure of tho water at right 
angles to OX represented in Fig. 8 hy AE; 
A being a point on tho lino of motion OY. 
Now the force AE iB equivalent to EO and 
OA, thus the forces are 3)0 and OA, and of 
these DO is equivalent to 310 and 3)11. TIiub, 
resolving tho forces parallel and perpendicu¬ 
lar to OY, wo itnvo for the components in 
these two directions 31A and Dll; of these 
31A represents tho thrust duo to tho olomont 
and 3)11 a forco at right angles to tho direction 

1 Inst. Naval Architects Tram. 1. ItUl. l’or other 
theories of screw propeller action rcforonco should 
be made to the following : Theory of Cottorlll. Inst. 
Naval Architects Trans, xx.; 11.1). Froude, tftirf. xix., 
xxx., xxx111.: Oreonlilll, ibid. xxlx.; Henderson, vbul. 
HI. lv.;. Hank I no, ibid. vl. 
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of rotation required to keep the element in 
rotation. 

The oflioicney of the element as contribut¬ 
ing to the thrust is given by the ratio of tho 
components of these forces y, 
normal to OX, for tho 
components in this direc¬ 
tion do no work on the ele¬ 
ment. Tims tlio ofiicicncy n | 
is FE/FD. I 

Now let a he the angle 
which the direction of 
motion OX makes with 
the normal to OY, and fi 
the angle given by the 
relation tan ft = R/L. Then BAE-a, mul 
FAD=ft. Also 313)0 = a. 

Again FD=BI) cos a = AB tan (a+/l) cos a 
and FE=perpendicular from Bon AE=ABsina. 
lienee 

. EE AB sin a 

Efl C, °ncy-EJ)—AB tnn [a+ft) cos a 

tan 

— tan (a+ ft)' 

Provided that It and L aro known, the 
ollioioncy ami thrust of overy olotncnt of 
a blade can bo determined, and hy integra¬ 
tion that of tho propeller is found. There 
is a largo amount of data of this kind for 
aornfoil scctioiiH, but when applied in this 
way to propeller calculations groat caution 
is required. 3)uo allowance must bo nunlo 
in tlio values of It and L for tlio interference 
of ono blado with another, for the effect of 
slmpo of blado and ils “ napeet ” ratio, and 
tho large variation of voloeity and pressuro 
in tlio Iluid at different radii. As a rulo tho 
mothod is fairly good for efficiency calcula¬ 
tions, but is not noournto for quantitative 
thrust data, for which recourse must bo mndo 
to experiments. 

§ (Jiff) Screw Propkm.br Experiments.— 
These aro necessarily made on a small scale, 
but oxporimonts by Taylor 3 and Qobota a 
liavo shown that tho soalo offeot for water 
propellers in passing from 3 to 12 in. diamotor 
and from 8 to 21 in. diameter is very small 
—less than 2 per cent. Tests with, air .pro¬ 
pellers of («) 2 and lfi-ft. diameters, and (l>) 
0-2 and 14-ft. diameters liavo agreed to 
within 3 to 4 per cent. It is gcnoraliy accepted 
therefore that model experiments can bo used 
for estimating both thrust and efficiency of 
full-sized ship sorows. 

§ (40) Water and Air Puopku.br Differ¬ 
ences. —Although tho underlying theory for 
both types of propollcr is precisely tho same, 
tho propellers themselves differ in several 
important respects. These differences are 
brought about partly by tho conditions under 

J Am. Soc. Naval Architects and. Mar. ling. Tram. 
xiv, 

3 ' fichiffbaii-QeseUschaft Jahrbuch, 1010. 
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which they luivo to work, partly by con¬ 
siderations of material mul construction of the 
propellers themselves. In nil air propeller 
comjiared with n water propeller— 

(i.) Tlio total thrust for a givon diamotor 
is relatively small. 

(ii.) Tho volumo of air dealt with in unit 
time is large, but owing to its low specific 
gravity its mass is relatively small, hence 
(iii.) The attainment of high thrust per 
unit area of blade, with reasonable oflioieney, 
requires high axial mul rotational velocities 
compared with tlioso of a water propeller. 

(iv.) Cavitation can only take place in tho 
air at excessively high velocities, whereas in 
tho water there is a. limiting change of pressure, 
or thrust per unit area of blade, which can bo 
produced at any part of tho screw disc without 
a breakdown in tho Ilow. To avoid this in 
high-speed ships tho propollor blades nro given 
wide lips with thick roots, and tlioso represent 
a considerable departure from an air screw, 
although reasonably good oflioioncics are 
obtained with thorn. 

(v.) Tho air propeller is much inoro flexible. 
At and above normal sliced of advanco, at 
thrusts involving a slip of about 80 per cent, 
tho blado bends and the pitch may ohango. 
With a wul or propel ler there is very litllo move¬ 
ment, owing to tho rigidity of tho material 
from which it is made. 

§,(4-1) Elkments or Pitoi'UUMOv.—Defini¬ 
tions of terms used : 

Tho driving face or front of a screw blado 
is tho surface seen when looking from aft to 
forward. 

Tho driving face is usually holioolda! In 
form, and a blado of uniform pitch is one 
whoso face is a portion of a true hclicoida! 
surface, 1 

The ftic.c. pitch of a propeller is the distance 
parallel to the axis of rotation through which 
a point on tho fneo would advance in one 
complete rotation of tho generating lino of 
tho helicoid. 

If n propeller, considered ns a thin sheet, ho 

1 A helicoid Is tho surface (racial out by a straight 
lino one end of which moves uniformly along a 
straight Him—Hie axis of the screw nr helicoid— 
wlilln tho lino llsclf rotates uniformly about that 

Hilar cylinder described about tho 
elat ing line will cut tho cylinder 
"vo which Is Inclined everywhere 
a jilano at rigid, angles to (ho 
cylinder woro cut open by n 
Is and ilovolonatl Into a piano, 
op Into a straight lino Inclined 
i tlio Imho of tho cylinder ; lot 
!t the dlnmnlrr of tlio cylinder 

•aired parallel to tho axis of 
deli tho rotating line moves 
otutlnn, Ih known as tho pitch 
If p ho tho pitch then dearly 
of tho developed cylinder wo 
io ratio of v to d which is equal 
as the pitch ratio or pitch 
i el lx. 


made to movo through tho water ho that. j| < 
advanco for each complete rotation iH cipml 
to its pitch, every point on its surface util 
movo parallel to tho surface. At no point 
will any blado have a component of vcWil y 
normal to its surface, and tho propeller will 
exert no thrust on the water. We might 
define tlio pitch of tho loco as the advance per 
complete rotation at which tlio blade twril » 
no thrust. 

In praetico, even if tlio face of the 
bo of constant pitch, tho back and mlges of 
the propeller will have some ell'cet on I he 
water, but in all cases a speed of advanco 
oan bo found for which tho thrust vanishes. 

Tlio effective mean pitch of a propeller is 
tho distance through which tho propeller 
advances in one complete rotation wlmn 
producing no thrust. 

Tho pitch ratio or pilch diameter rath, |< 
tlio ratio of tlio pitch to the diameter of ih,, 
propollor j if ofTootivo moan pitch lie tiscil in 
tho numerator of tlio ratio, it becomes llm 
effective pitch ratio. 

Slip and Slip Jialio. —Tf P bo the pilch ,,f 
tho propollor as just defined, and N the number 
of revolutions por second, then I’M will h>> 
tlio distance traversed por second when pm. 
ducing no thrust; now V is the dislam,, 
actually traversed, and it is .found both by 
observation and experiment that the tin mil 
depends on I’M - V. This quantity is known 
as tho slip, and its ratio to PM or the c.v pres-,Ion 
1 -V/PN is called tho slip ratio and (Irimlnl 
by a. 

Tlio developed area is tho sum of the 
actual areas of tho blades irrespective ,,f 
sJiapo. 

Disc area ratio is the ratio of the developed 
area to tho area Hwopt out by the tips of the 
blndcs. 

Blade-width ratio is the ratio of the neub 
mum width of blado along its surface, lo tie* 
radius of propeller. 

llake. —A blado is said to bo raked forwnid 
or nft according as the centre line of the blade 
at the lip is forward or nft of the mil to line 
at tho mot. 

Skew hack is the displacement of the cenln* 
lino of a blade from tho normal to the nxl* 
wlion viewed from aft. It usually hmivu‘H;i 
towards Uio tip, and is measured by Ih" 
movement of the tip, eiroumferentially front 
tho normal. 

When a ship is propelled by a screw the 
volocity and pressure changes wliich the Hrrew 
producoB in the water in front of itself, ulfrct* 
tho ship resistance. Also tho forward mnlion 
produced in tho water by tho passage of lie 1 
ship, gives rise to n following current of wab r 
called tho ship’s “ wake,” in which the pro¬ 
pellers have to work. Tho net efficiency <>f 
a screw ns n propelling agent will therefore 
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(lopcmd upon the,so effects of screw u]imi ship, 
unci fillip on screw. Let 

V I jo the speed of the ship in knots, 

N” the revolutions of the screw, 

X the thrust of the screw behind the ship, 
which equals Iho resistance of the ship 
with screw working, 

It tho resistance of the ship with no screw, 
*S the shaft h.p. delivered to the screw. 


Let the screw be set working without the 
ship being present, tho siuno revolutions being 
maintained, with the speed of advance adjusted 
to Vj so that the thrust is still T, hut tho 
shaft h.p. absorbed by it is now S,. If the 
conditions behind the ship wore uniform over 
tho whole disc area of tho screw, this speed, 
V lt would Vie equal to the mean speed of the 
propeller through tho water in tho wake of 
tho ship, and generally this is assumed to ho 
tilts case. Tho propulsive efficiency of tho 
screw behind tho ship can now bo written 




Tho last term is the screw efficiency in tho 
op cm water. Tho other three terms express the 
olVbot of the sliip and screw upon enoli other. 

Writing It/T=(l -t), I is n measure of the 
fmotional excess of the screw thrust over tho 
tow-ropo resistance) ut tho same fipeccl, V, 
and in called tho “ thrust deduction fraction.” 

Writing V/Vj = (l + w), ii> in a monsuro of 
tho fractional excess of tho ship speed over 
tho velocity, V„ which ropresonts Urn mean 
Hpoorl of the wator at tho screw, and ia called 
tiio “ wake fraction.” 

The term SpS is lenown ns tlio “ relative 
rotative offieionoy,” and is a mcasnro of tho 
rolativo powers required for tho development 
of <t given tlmist nt given revolutions In upon 
undisturbed wator and bohiml tho ship. 

Tim propulsive offieionoy can thorofmo ho 
written 


/ screw eflUiienoy \ / rclntivo \ 

I for uiuliiilurlxMl )(l -<)(.! rolativo J. 
\ water conditions j \cflldenoy J 


The product (l - f) (l-i-to) is called tho 
“ hull offieionoy,” since it ropresonts tho ratio 
of HV, tho tow-ropo h.p. of tho ship, to TV,, 
tho thrust h.p. of Urn screw, when developing 
iu open water at tho correct revolutions, tho 
thrust necessary for the propulsion of tho ship. 

The not propulsive efficiency of the ship 
will bn that of tho screw, multiplied by tho 
meohanionl offieionoy of tho engine and tho 
transmission gear between it and the sorow. 

§ (12) So hew PitonKT.r.Kiis in Oimin Water. 
—Tho gen oral conclusion a to bo drawn from 
both theory and experiment are : 

(i.) That the thrust of a given screw at a 
given slip varios as the square of tho speed 
of advance through the water, and at a given 


speed mid slip ratio will vary as the square 
of the diameter, I). 

(ii.) The thrust and efficiency of any given 
screw will depend upon tho slip ratio (a) 
corresponding to its revolutions and speed of 
advance at any given moment. Of the experi¬ 
ment results published, Fronde's, 1 Taylor's,® 
Durand’s, 11 and GcberV are tho most im¬ 
portant. To a large extent they cover tho 
same ground and generally corroborate encli 
other in defining the effect of pitch, width of 
blade, etc., upon the result obtained. For nil 
practical purposes Froude's data may he used, 
and his method of presenting results lias been 
followed. It should he noted that whereas both 
Taylor and Gebcr use the face pitch of the 
screw in defining slip and true pitch, Froude 
uses a pitch calculated from the revolutions and 
speed of advance, so that slip shall be zero 
when thrust is zero. This is more in accord 
with sound theory, but tho pitches obtained in 
this way require to ho multiplied by a factor 
to get the face pitch of tho ship’s screw. 
Frouilo gives tho face pilch as 1/1 02 times the 
nominal pitch for ordinary screws, but it lias 
been found that for small pitch ration aiul 
large disc area ratios 1/1 ■01 gives better agree¬ 
ment between estimate and ship-trial result, 
Fronde’s ox|>erunouts wore made with 
screws of uniform pitch, having a diameter 
of -8 foot, mounted on the fore end of a 
'horizontal driving shaft dear of all obstruc¬ 
tions, tho centre of the screw being immersed 
•8 of its diameter. All tho screws were given 
a small boss *1)1 inch in diameter. The thick¬ 
ness of each blade varied from a quite small 
amount at the Up to -27 inch at the root 
where it joined tho boss. The thickest section 
was always nt the centre of tho blade, and at 
right angles to tho axis of tho sorow. Pro¬ 
pellers with throe and four blades wore tried, 
Tho outlines of tho blades wore generally 
ellipses, but for some of the thrco-bladcd pro- 
pollers tho tips wore made specially wide. Tho 
width of blade was varied so as to cover a disc 
area ratio (§(41)) from *3 to -7o, and tho pitch 
ratios covered a range from -8 to 1-4. Tho 
thrusts obtained wore expressed in ft formula : 

T __ p -I- 21 1-02.5(1 --08s) 

d j v®' v .li - sj® 

where T is tho thrust in lbs., 

V is tho speed of advance in units of 100 
ft. per min., 

P is tho offcctivo or analysis pilch, 
p is tho effective or analysis pitch ratio, 
which is equal to P/D, 

13 is a blade factor depending upon tho 
nurnbor and typo of blades, and 
tho disc area ratio, 
s is tho slip ratio. 


1 hint, Naral Architects Trims. 1. 

» Am. Son. Naral ArcMicdsitndMar. hag. 1 rails. xll. 
1 Researches on the .Screw Traveller. 

1 SchifftiaH-OesclhclmJt Jahrbuch, 1010. 
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Tliis formula is based in part, upon theoretical 
considerations. If it lio assumed that T for 
unit diameter varies as the slip and as the 
squares of fclio speed of rotation of tho pro¬ 
pel lor, then 

T=«N 2 s. 


Tito aim, and for given revolutions tho 
velocity of tho blades, both vary as fclio square 
of file iliametor, honeo 


T = «U l N%, 


T a s 
or ir-Y-~-]> 3 (i-#)*■ 


Analysis of tho experiments showed that « 
varied ns p(p + 21), and with oonstant pitch 
ratio a small correction for slip was required. 
15 denotes the thrust capacity of tho propeller 
as dependent on typo, i.e. munhor, area, and 
shape of blades. 

Tho ollkuonoios for serows having tliree 
olliptionl blades and a disc area ratio of *4fi 
urn given in Fig. 0, each curve being for n 
particular pitch ratio. All the curves possess 
tho same general characteristics. Tho maxi¬ 
mum oflinioney is reached between 20 and 2d 
per cent slip, and falls off slowly at higher 
slips, High pitch ratios givo best efficiency 
at normal slip ratios, but thoir advantage 


surface of both tho former gives a higher 
thrust valuo 15, and in bo mo cases this can 
l>o utilised to improve the ellicioney, as, ail 
other conditions being the an mo, a smaller slip 
is required for a given thrust, and for slips 
above about 24 por cent this menus better 
efiieionoy. In practice, therefore, there is very 
littlo difference to bo obtained on this score. 

To facilitate the use of tho data for ship 
calculation, tho results am bettor expressed in 
terms of horse-power, etc. 


If H = tho thrust horse-power of the scrow, 
i.c. tho power it delivers in thrust, 
N=revolutions in units of 100 per 
minute, 

V t =speed of screw through wake water 
in knots, 

T II 33000 
D s V 3== .U 9 V 1 - , ‘ * 100(l-013) 3 ’ 


. . H . x _£. -■0f,322' ,(1 ~-- R ^ 

I^V," R(?i i-21)“ utw ~ J (I-a) 2 ’ 

and since ^\™?=X, 

Vj 1-s 

, NS ?v._ £L__onqoo/1 


Thrust Factor 1) 



dooroasoa as slip inoL’cascs and is gono at 40 
per cent slip. I'or any other diso area ratio, 
a small correction is required, tho olTicionoiea 
deoroaslng as blade mm inoroasos. For 
wido-lipped blades a constant deduction of 
■024 is to ho made, and for four-bhulod screws 
a deduction of -0125 in addition to tho above 
dine area ratio correction. 

Although a four-bladed, or thrce-bladed 
wido-tippod propeller, working at tho same 
slip as a threo-blnded elliptical propeller, has 
slightly smaller ollioienoy, tho more oileotivo 


Both X ami Z am functions of slip, arid a ourvo 
of Z to a base of X is given in Fig. 9. Tho 
term V t is given by V/(l -ho), whore V is tho 
ship's spcod (seo Table II, for w values), and 
in estimating ship powers II is usually taken 
somo 7 por eont moro than tho tow rope 
power, to allow for air resistance of upper 
works, ruddor resistance, oto. 

It should bo understood that theso results 
are for screws having oloan smooth mirfaees; 
tho offoot of a rough surfaco is dealt with 
in § (40). 
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§ (13) Variations ok Propeller Blades. 
(i.) Rake and Bkcio Buck .—Model experiments 
sliow that raking the blades forward or aft 
up to lb 0 lias no effect upon either efficiency 
or thrust in open water. But mko aft is of 
considerable advantage in both single and 
twin screw ships, in keeping the blade tips 
away from the hull surface, where, owing to 
the frictional drug, tho feed of water to the 
blade tip is very poor. Skew buck or bending 
the blades in a transverse plane carries no' 
propulsive advantages, but where there is 
any considerable amount of weed in the water, 
it helps the blades to dear themselves. 

(ii.) Dine Area Ratio, — For all practical 
purposes tho ellicionoy of a propeller is un- 
alfootod by its disc area ratio, provided that 
it is less than •/>, i.c. provided that the total 
area of tho blades is less than ono-lnilf tho area 
swept out by tho tips. With largo disc area 
ratios tho ollioioucy drops, particularly with 
small pilch ratios. Fronde found that this 
loss was practically independent of slip, and 
gnvo correction curves for several pitoh ratios, 
to l>o applied to the standard efficiency curves 
of Fig. I). This loss is ehioily duo to tho 
reduction of the ratio (blade width)/(gap be¬ 
tween blades) with increase of area, it is woll 
known from tests with Hat blades in water and 
in air, that increase in this ratio reduces tho 
thrust per unit area and the oftleicney. The 
ratio oun bo written in the form «ft/(‘2jrr sin «), 
where b is tho width of tho blades at radius r, 
n is tho number of blades, and a is the pitch 
angle. Increase of n or b, and dccreaso in « 
(or pitch), will therefore have an adverse 
olfoot. 

The thrust of tho screw drops with area us 
shown by tho B curve of Fig, l), but tho thrust 
per unit area increases, us (he disc area ratio 
doorcases, Excessively wide blades do not 
increase the thrust value of a screw materially. 
This oun bo improved somewhat by moving 
tho area out towards tho tips of tho blades, 
but such wide blades are only used for tho 
avoidance of cavitation. 

(iii.) Variable Filch Ratio. —Fronde’s results 
are for screws of uniform pitch ratio. The 
goueral client of this factor can bn scon from 
a study of Fig. 0. It is not uncommon for tho 
pitoh of screws to inoreaso from tho lending to 
tho trailing edge—a change which produces 
slight hollow of tho driving face. Tliorny- 
erofb tested this on some model screws, and 
his results showed a slight improvement in 
olfieionoy. Taylor lilts tried tho reverse, viz. 
a slight donreuso of pitch at tho leading odgo. 
With a sninll pitoh ratio ('8) a liltlo improve¬ 
ment is oJIoutod at modomto slips, but, with 
a pitoh ratio of 1-2 on tho face, tlioro was a 
gonoral loss of about 7 per cent at nil high 
slips, 'Taylor’s experiments with blades having 
rounded faces showed that to produce tho 


same thrust as with flat faces, tho revolutions 
Imil to be increased—in some cases 10 to lb 
por cent, but tlioro is not sufficient data to 
clearly define the effect of gaining or decreas¬ 
ing pilch (i.e. hollow or rounded face) oil thrust, 

§ (44) IlotniiiNESs ok Sure age ok Blades. 
—All the results given in § (42) are for screws 
with smooth surfaces. If these are made 
rough the efficiency drops. Thus, with a 
propeller of (> feet diameter fitted to a pin¬ 
nace of 18-y tons weight, giving the propeller 
a surface equivalent to that of coarse sand, 
involved an increase of 8 por cent in the 
revolutions for tho eiuuo speed as before, and 
an incronso of the power at all normal speeds 
from 12 to 2l) por cent. With small pro¬ 
pellers 1 1-3 foot in diameter, the same kind 
of roughness reduced tho mnxitmnn ollioionuy 
from 72 to 30 por cent. The relatively greater 
offcot produced horn was duo to the size of 
the particles on tho surface being much 
greater compared with tho dimensions of tho 
propeller than in tho fornior ease. Tho 
same small propeller with a surfiieo ns cast 
showed i) por cent leas efficiency at small 
slips and 4 per cent at high slips, than when 
polished. Allowing for increase in sizo, the 
loss on a 10-ft. din motor propeller with Hindi 
a surface would be of the order of 2 per cent. 

§ (45) Soiirw I’ltoi'KU.KUH nniiiND Siur.s.— 
The propulsive efficiency hits been shown to 
lie equal to the product of the screw ellicionoy 
in tlie open water and three ether terms, 
viz, (l-l-io) (I-f) (relative efficiency), which 
vary as tho wake veloeily and the internet ion 
botwcon tho Hcrow and ship. It lias been 
found by many experiments that those tonus 
are not independent of each other. If tho 
wake fraction w is high, l is also usually high. 
Provided tlioro is streaming water at the stern 
(or no actual break-down of tho stream-lino 
(low), experience shows that these three terms 
togothor approach unity, For twin • screw 
vessels of moderate fineness, their total value 
is about 4)0 to '08 at low speeds, mid for single- 
screw vessels tho value rises to 14) and 
occasionally 1-00. With full stormi carrying 
any <lcad-wator (i,c. eddy wator at tiiuse parts 
whore, owing to tire fulness, there is no steady 
How), particularly with singlo-scrow vcshoIh, 
their total value falls off, owing to tho poor 
conditions under which the propeller lias to 
work. Tlioro is little data on this at present, 
hut values down to '8b have been obtained in 
practice. 

But although theso factors tend to cancel 
onoh other as regards total oflioionoy apart from 
tho screw itself, a proper valuation of tho wake 
fraction is necessary, ns tho velocity of tho 
screw through tho water, and therefore its 
slip and efficiency, depend upon it. 

1 -4»i. iSoe. Natal Architects and Mar. Jiny, Trans. 
xxlv. 
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Wuhi is the wutor lit tin* .stem of a ship 
to which the hitler has imparled forward 
motion. Tho absolute velocity of this water 
is called ll*o “ wake velocity,” hut it is usually 
only nionsured for that portion of tho wako 
in which tho propellers work. In tho nnmon- 
oluturn already used this velocity is (mV/i +w). 
Tliis forward velocity is duo to three causes, 
the relative effect of which varies in di Iforcti t 
types of ship : 

(i.) Tho frictional licit increases in thickness 
continuously towards the stern, and, whore 
the lines are closing in around tho stein, 
tends to intorminglo with the surrounding 
water — an effect which increases with the 
fulness of tho aftor-bocly. 


of the surface in a ship of <100 feet length, it is 
very high—in some cases ns much ns one-half 
tho ship’s volocity—and since the action of tho 
screw is improved by working it in a stream of 
which tho velocity is tho same at nil parts, the 
screws are so placed on a ship that tho blades 
arc well clear of tho hull. Experience and 
experiment show thnt the wake fraction is 
practically independent of the form and fulness 
of the fore part of a ship. Fulness of tho after 
end increases tho wake of single-screw ships, but 
in twin-screw ships its effect is very umall for 
good forms, provided that the clcnrnnuo between 
tho blade tips and the hull remains about the 
same. Small clearance gives high wako frac¬ 
tions, but somewhat lower hull efficiency. 


Tabus II 


Sine Wakr and Hum. Eppioiknoy Valukn 


Hhl|>. 

U-ligtli. 

Pent. 

llrvuillh. 

Kurt. 

limit. 

Pout. 

Dlaplnceiucnt. 

Tons. 

Prismatic. 

Cucfllclenl. 

H|tCGll. 

Knots. 

Woke. 

Kindlon. 

iitill. 

Kllidency. 




Single-Screw Ships 





Flavin OUJa 

2-17 

■11 -0 

10 

2fi00 

■02 

15 

■24 

_ 

Vessel 1.2 

•100 

(50 

18 

74(30 

■02 

— 

■22 

14)2 

Vessel X 

'too 

080 

21-0 

13000 

■08 

14-5 

■24 

•07 

Vessel 1. . 

‘Kio 

08 8 

17 0 

7720 

•08 


•32 

14)8 

.Mmttre.h 

8 U0 

07.fi 

23-7 

8100 

•73 

15 

•37 

14) 

Vessel M . . 

•100 

03-3 

24 

10028 

•73 

11) 

•37 

14)0 

Vessel M2 . . 

•too 

67-3 

20 

13140 

•71) 

10 

•45 

107 




Twin-Screw Ships 






800 

•it) 

18-1 

321)0 

•no 

10-5 

■00 

■0(1 

Cruiser I, . . 

•100 

71-2 

20-2 

11080 

•07 

20 

•10 

•08 

T.ll, Destroyer . 

400 

80-5 

10-3 

20:10 

•00 

40 

- ■000 

•07 

Cruiser 2 . . 

<100 

02-5 

22 

0000 

•07 

— 

•07 

•07 

Liner A . . . 

401) 

r >2 

18-0 

OfiOO 

•03 

— 

•00 

•08 

itaiin . . . 

400 

72-8 

. 28-3 

13800 

•05 

14-5 

•14 

14) 


•too 

no 

MN5 

7200 

•07 

— 

■15 

•05 

Mnjiuilio. 

:»t)u 

7 n 

27-0 

148,10 

■00 

17 

•10 

4)4 

Liner C . . . 

-too 

nt 

UK) 

8400 

•73 

15 

•20 

•Oil 


(ii.) Wlieu tho stem is too full mid rounded 
for proper stream-lino How, eddies form and 
eiiiiMlituto a mass of water called "dwul-wator,” 
which is dragged along at the sumo velocity 
ns tho whip. This occurs at the surface level 
lines of all ocean cargo boats. 

(ill.) If tho ship is moving fast enough to 
form marked waves, tho orbital volocity of 
tin) particles forming the waves will add to 
the forward movement of tlm water where a 
wave crest is formed, and fond to cancel it 
whoro thorn iu a wave hollow. In torpedo- 
boat destroyers Ibis effect is very marked at 
nil high speeds when tho stern is riding in a 
marked wavo hollow, and is sufficiently groat 
in Homo oases to more than cancel any forward 
wako line to friction (see Table II.). 

Tlio intensity of tho wako volocity varies 
ub different points, deem using both towards 
the keel and outwards from tho middle line. 
Quito close to tho form, t.e. within 2 or 8 foot 


Since the passago of a ship through the 
water inevitably sets up a forward moving 
wake, and it is equally inevitable thnt for the 
production of thrust tho screw must sot up 
a rearward moving column, in so far as theso 
two can bo made to cancel one another, 
there will ho less velocity in tho water loft 
behind by tho ship, and tho energy required 
for propulsion will bo decreased. By placing 
tho propoller well aft this is partially tuihiovcd, 
and tho energy thus saved is sometimes called 
tho wako again. Tliis constitutes a distinct 
advantage of screws placed nt tho stern, and 
gives a single screw a slight advantage over 
any othor, provided that no portion of tho 
screw is required to work with water in violent 
eddy formation ; tho extent of this advantage 
is shown by the hull efficiencies of Tablo II. 

§ (<10) Cavitation. —This is tho name given 
to tlio formation of cavities in the water on 
tho blade surface of a screw propeller—usually 
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neat' its leading edge. It was first noticed 
in 1801, on the trials of tho Daring. The 
formation of such cavities allows itself hy 
absence of proper increase in thrust with 
increase in revolutions of tho propeller shaft. 
When it is present it is believed that cureless 
vortices are continually formed, oiose up, ami 
collapse on tho surface, and the concentration 
of tho energy of collapse oil a small portion 
of the surface produces a hammering action 
which erodes the blade and sets up vibration 
in the propeller. 

(Invitation may be produced by several 
dilVeront causes. A propeller produces its 
thrust partially by increased pressure on its 
real’ face, and partly by suction on the leading 
face. When the suction at any point has 
reached the still water pressure, increase of 
speed of rotation cannot produce more suction, 
and the water supply to the screw will there¬ 
fore remain the same although the revolutions 
havo been increased, and will not be equal to 
the demands of tho screw. This results in a 
break up of the How, and the momentary 
formation of cavities. This break up will 
first show itself where tho suction and thrust 
are greatest, which occurs at about ono-sevooth 
of tho radius from the blade tips, towards tho 
leading edge. Tho miction is always on tho 
back of the blade, but if this is very full near 
tho loading edge, it tends lo produce at small | 
slips suction on the driving I'neo close up to 
this edge. Tho avoidance of cavitation 
therefore requires that good suction must be 
obtained without any high local value. For 
this tho loading odgo must bo sharp, tho 
back have no sudden change of shape, and 
tho contour of tho blade tips must bo woll 
rounded. 

If tlio propel lor does not rotato uniformly, 
tile maximum thrust (on which oavitation 
depends) exceeds tho mean (on which pro¬ 
pulsion dopomls) by an amount depending 
on tiie variation in rato of rotation during a 
revolution. With Inrhino drive tho rate of 
revolution is fairly constant, but with recipro¬ 
cating engines 1 the departure from mean rale 
varies from some <i-fl per cent with ft four- 
crank balanced engine in a high-speed 
passenger ship to 12 per cent with a two- 
oranlc compound ongino in a cargo boat. The 
limiting thrust at any point, above which 
oavitation will occur, will diminish in sympathy 
with such variation in the rate of revolution. 

A third cause of cavitation is tlio difference 
in the wafer supply to the tips of tho blades 
when those are close to tho hull surface. In 
this region tho water is being drawn forward 
with tlio ship, and the slip angle of the screw 
blade is thereby greatly increased, and the 
thrust hoeomes correspondingly great. 'The 
higher tho tip velocity, tho greater should 
1 Jnsf. Naval Architects Trans, xlvll. 
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bo the clearance between the hull and the 
screw tip. Cavitation due to this cause 
usually produces emphatic local vibration of 
tho hull plating in the immediate neighbour¬ 
hood of the screw tip. 

The maximum pressure per square inch of 
the blade surface which a propeller can exert 
will depend upon many practical details. 
Tho maximum suction at any point which 
can bo produced is that equivalent to the 
atmospheric pressure (1441 Ihs. per sq. in.) 
plus the depth of water. But taken over the 
whole blado surface the pressure will he 
considerably lower than this, as tho actual 
thrust is always much greater towards the 
tip than at the root. With deep immersion, 
directly driven turbine screws having good 
clearance from the hull, on a fine lined ship, 
have given pressures up to IJI’5 lbs. per sq. in. 
nf blade surface. On tlio other hand, Burnaby 3 
gives pressures of only 8 to J) lbs. per sq. in. 
for propellers driven hy four-cycle internal com¬ 
bustion ongines, in which tho turning moment 
varies considerably during a revolution. 

§ (47) Mut.Tier.H Roiibws, —When a ship 
is propelled hy a numhor of screws, each on a 
separate shaft, each may ho considered by 
itself, and ils thrust and efficiency he obtained 
ns already detailed. Tho screw discs, when 
projected on a transverse plane, should if 
possible clear each other, as the race column 
of the forward one does not lmvo a good 
effect on the after one. Luke’s 3 experiments 
show that for a reasonably line vessel, having 
a block coefficient of II, the after screws havo 
no olTcot on tlio forward ones, but the forward 
screws docrcuso the wake fraction of the after 
ones (in this particular caso from -2 to -14) 
so that thoir hull efficiency was fi-fi per cent 
less than it was with no forward screws. 
Generally it can ho said that tlio best result 
is obtained with tho smallest numhor of screws 
consistent with tlio dovolopmont of the re¬ 
quired thrust for propulsion at a reasonable 
slip ratio. 

(i.) Tandem Screws. —T’licso consist of two 
screws placed on the sumo shaft, noccssiirily 
turning in the same direction with tho same 
revolutions. They arc inefficient in working, 
and tho thrust developed hy them is little 
more than that developed with a single screw 
of tlio same diameter. This result appears 
from Luke's and Durand’s experiments to bo 
independent, broadly speaking, of tho relative 
pitches of tho forward and after screws. A 
fast passenger steamer, tho King Edward, 
originally lilted with live screws, two caoh 
on two wing shafts and olio at the mkldlo lino, 
did better when the outer ones wore removed 
and only one screw working at lower revolutions 
was fitted on each shaft, 

0 Marine Propellers (1020V 
8 Insit Naval Architects Trans, lvl. 
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(ii.) Contrary Turning Screws. —In small 
sltipn, two propellers can l*o placed on the 
same shaft line and ho turned in opposite 
directions. Rota has tried this on a pinnace 
and in models, and tho results give ft reputed 
gain of 20 to 25 per cent in efficiency. Such 
propellers are used for the propulsion of 
torpedoes, tho diameter of tho after one 
being reduced so that tho opposed torques 
on their shafts shall balance enoh other, and 
a good offioienuy is obtained. 

Luke 1 lias tested tho efficiency of such a 
combination in open water. Mis screws were 
all three-bladod, G in. in diamotor, placed 
close together, the loading one being of 1-2 
pitch ratio. The best efficiency was obtained 
with an after screw of Hi pitch ratio, and 
was '8(1 that of a single screw. Tho thrust 
was roughly twice tho thrust of a single bctow 
of tho same diameter. When placed behind 
u model, tho contrary turning screws showed 
a largor wake and a consequently greator hull 
efficiency, representing a total improvement 
of 15 per cent on a full modol, and just suffi¬ 
cient to cancel its lower “ open ” offioioncy on 
a line ono—comparisons being mndo with 
twin screws in each ease. This arrangement 
has not boon tried on any largo ship, mid since 
it is not clear to what oxiont tho rotativo 
offioioncy of tho screws wore affected bohind 
the fillip, tho total offect may lio loss advantage¬ 
ous than tho above result suggests. 

§ (48) PnoivBi.r.uns with Guinn Bi.adbs,— 

' The action in contrary turning serows is some¬ 
what allied to that botwr.cn a screw propeller 
with fixed guide blades placed immediately 
at its rear so that tho water in tho race loaves 
tlio guide blades without whirl of any kind. 
This arrangement was first tried by Thorny- 
croft in his “turbine” propeller. This con¬ 
sisted of a screw propeller worked inside a 
cylindrical easing, the blades lieing scoured to 
a boss which increased In sectional area from 
the lending to tho trailing erlgo of tho kotow, 
tho motion of tho channel between the con¬ 
taining cylinder and tho Irish being pro¬ 
portioned to suit tho acceleration of the water 
produced by tho blades. Tho pitch of tho 
blades moralised towards tho after edge, aft 
of which woro Humorous guide blades fixed 
to the containing cylinder and to tho long 
tapering after part of tho boss. Tho rotation 
of tho water sot up by the blades iH converted 
into fore-and-aft motion by tho guide blades, 
and utilised except for loss in friction of 
guides. Bnrnuby states that tho thrust 
delivered by tho blades amounts to about 
one-third of tho whole. Wagner 0 has adopted 
similar guide blades, but without any contain* 
ng cylinder or tapered boss, and obtained an 
movenso in propulsive offioienoy of about 8 per 

1 hint. Naval Architect Trane., Ivi. 

* Sehiffbau-Oescllsclmfl Jahrbnch, Kill. 


cent on a cargo vessel at 12-5 knots, and 11 per 
cent on a first-class torpedo boat at 82 knots. 

§ (4!)) Hvdraulto oh Jkt I'hoiuoujok. — Jn 
this propeller, water from the fore end or 
bottom of tho fillip is drawn into a centrifugal 
pump, and discharged through pipes in a 
stem ward direction. Compared with a screw 
propeller the quantity of wafer noted on by 
the pump is necessarily small, unless ah- 
normally heavy machinery is used, and to 
obtain tho necessary reaction the velocity 
imparted to tho water must, therefore, ho 
high, and this militates soriously against 
offioioncy. In addition to this defect there is 
considerable loss of energy duo to friction of 
tho piping and its bonds, and Homo loss by 
shock at tho water inlet unless this is shaped 
as a scoop, ho that tho water rotuiiiH its velocity 
rolativo to tho ship on entering it. The 
offioioncy of tho jot nlono, with an effioiont 
scoop at tho entrance, is approximately -7, 
ami that of tho pump notion is -5 to •(!, giving 
a total offioioncy of •35 to -42 against •() to 
•75 in a screw propeller. Its only sphere of 
usefulness is in oases whore an external water 
propeller would ho dangerous, and a modern 
air propeller cannot ho used. 

§ (50) Paddi.k WiiKKUH. — A paddle wheel 
consists of a wheel rotating about n traniivorso 
horizontal axis, having paddle blades (or 
“ (louts ” ns they nro termed), also in trans¬ 
verse planes at its periphery. Tho wheel is 
placed either ovor the stern (when the vessel 
is oallod a stum-wheeler), or on each side at 
about tho middle of the ship, so that the 
blades fiend a stream of water aft when tho 
wheel is rotated. Tho whool requires to ho 
so arranged that at tlio working speed of tho 
ship, tho apparent slip, measured at tho outer 
edgo of tlio blades, shall he of the order of 
20 to 25 per cent, and tho paddles shall lio 
just immersed, due regard being paid to Mm 
change of water love! near tho wheels when 
under way. Jn small fust passenger vessels, 
at sorvieo speed, tho water level usually drops 
rolativo to tho ship at tlio wheel position. 

Tho maximum theoretical efficiency is 
determined by tho equations already given 
(§ (37)). To avoid loss by shook, tho paddles 
of modern wheels aro pivoted on a transverse 
axis at thoir centre, and mckod about this 
axis by nn eccentric, so arranged that on 
entering and leaving tho water tho motion of 
tho blades relative to tho water shall ho 
parallel to their surfaoo, but when in tho 
water thoy shall faco as near sternward ns 
possible. Tho breadth of a wheel varies from 
ono-third to ono-half the breadth of tho ship, 
so that a largo quantity of water onn ho dealt 
with, and only small velocities need ho im¬ 
parted to it, to obtain tho necessary thrust. 
This propeller is only of use in vessels of 
which tho draft is fairly constant. It is somo- 
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A in oh preferred to no,rows in shallow water, as 
die banks and bottom uro not eroded so much 
•>y its wash. 

J? (fit) Oaks,—T iio action of an oar is very 
limitin' to that of n paddle-wheel blado, and 
1-s oHidoney is determined by the same factors. 
In a rowing eight the Average speed may be 
nikon ns ton miles per hour, and the speed of 
dip of oar Made through the water as about 
> ft, per second (corresponding to a pull on 
dio end of the our of about .70 lbs.). Neglect- 
ng nil motion ofchor than sternward in the 
dip stream, the elliciomiy of a blado will be 
M por cent, The lateral and eddy motion 
wit up is considerable, hub even allowing for 
>Iuh, the blade eflioioncy is greater than that 
>F a jot ]>ropcllor. 

§ (52) Kails,—'T he general principles of 
impulsion liy sails nro tlic same for all ships, 
.vliothor they have squaro or fora-and-aft rig. 
I*lxo propulsive oft’oot will depend upon the 
diango in momentum in a fore-and-aft ditcc- 
)iou of the air impinging on the sails, which 
,-ui'ien with the speed and direction of tho wind 
olntivo to the sails, and the inclination of tho 
i cl tor to the desired course, When a sailing 
ihip 1ms attained uniform speed under certain 
uimliiinns of wind and sail area, its actual 
uni run will he inclined at a small angle (known 
lh tho leeway angle) to her keel line. This 
mglo is generally small, seldom exceeding 
O' 1 , nnd its tangent gives tho ratio of tho 
litoral to the ahead spued. Tho angle must 
m ho adjusted by the milder or by shifting 
.nil., until Imlaneo botweeu air nnd water forces 
ins boon obtained. In reckoning wind pressure, 
Inn account must bo takon of tho motion of 
I in Mhip relative to the wind. If tho ship’s 
iimrao when sailing on a wind is along tho 
inn AH, and its keel lino is AO, nnd YY is 
tho position of tho 
sails, lot WA ho tho 
wind foroo in mag¬ 
nitude and direction. 
If WW| is tiio uni¬ 
form speed of tho 
vessel, WjA is the 
true wind. The ro- 
siiltant force, Alt, on 
my plain area sueh as YY, will not at a small 
uiglo c> aft of tho normal to YY, varying 
'mm nil when running before tho wind with 
YY Hipmi'e to AC, to about 10° to 15° in 
Hjimro rig and soiuowliat less than this in 
(.'aoht-H, when sailing as close to tho wind ns 
iimsible. It should he observed that to make 
Kuulway at all, the angle between tho yards and 
;lio course must never bo less than this angle. 

Tho sail force, Alt, must bo balanced by 
tho water forces. When ft ship form is towed 
through the water at small angles of yaw, 
tho angle between the tow lino and tho keel 
illumines very rapidly with yaw, attains a 


maximum of about 70° for ordinary ships 
at about 10° yaw, nnd remains there for a 
considerable further increase in leeway angle. 
The water force along the keel lino of tile 
ship does not vary much for small angles 
of yaw, but it grows rapidly with angles 
beyond 10°. For this reason it is never 
efficient to sail a ship at largo leeway angles. 
Since the angle between the water force Ah 
nnd the ship's course cannot oxeeed about 
70°, and taking tho angle 6 to be 10° to 17° 
when close hauled to the wind, there is no 
purposo served in bracing the plane of the sail 
nearer than 30° or 37° from the ship's course, 
or with an angle of yaw of 10°, 20° to 27° to 
the keel line. If it bo assumed that the sails 
will “ draw ” with the yards braced to within 
17° of tho apparent wind, the vessel can 
maintain a course not ncaror Limn 45 to 70 
degrees to this wind. -The above figures are 
approximately correct for largo square-rigged 
ships, nnd nro independent of speed : iine- 
linod fore-and-aft-rigged vessola, with large 
central fins or dropped keels, would have 
largor a values and sail somewhat closer to 
Uio wind. Tho closer tho plane of tho sails 
is brought to the keel line of the ship, for n 
given wind, tho greater is the angle W,AY 
between the rolalivo wind nnd tho sails. 
•This increases the magnitude of Uio force 
AR, nnd is nn advantage so long as tho 
inoroaso in leeway angle resulting from the 
grantor lateral wind force does not increase 
tho water resistance to ahead motion more 
than tho propulsive air foroo lias increased 
from the greater value of AR—a matter which 
dopends upon the area of sails used and many' 
other seamanship items. o. s. u. 


Shoal - water and Ship Resistance. Sco 
“ Ship Resistance and Propulsion,” § (30). 

Siemens, Sir William, inakor in 1871 of a 
practical form of pyrometer based on tho 
change of resistance of platinum with 
olinngo of temperature. Sco “ Resistance 
Thormomoters,” § (1). 

Sii .ioa : 

Coefficient of Apparent Expansion of 
Mercury in, determined by Harlow. See 
“ Thermal Expansion,” § (11) (ii.). 

Fused, used in tubo form as protection for 
thormoolomonts up to 1000° C. in an 
oxidising atmosplioro free from alkalis. 
See “ Thermocouples,” § (4) (ii.). 

Silicates : 

“ Interval ” and Instantaneous Mean Atomic 
Heats of, White’s tabulated values. Sco 
“ Calorimetry, Method of Mixtures,” 
§ (10), Tables I., II. 

Specific Heats of, at High Temperatures. 
Seo “ Calorimetry, Method of Mixtures,” 
§ ( 10 ). 
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Sir.vrca: 

Atomic Meat of, at low temperatures, 
Nernst’s values for, tabulated. See 
“ Calorimetry, Electrical Methods of,” 
§ {I I), Tfthlo VI. 

Solid and Molten, Emissivity of, determined 
by optical pyrometer. See “ Pyromotry, 
Optical,” § {21). 

Speeilie Heat of, at various temperatures, 
tabulated, with the Atomic ileal. See 
“ Calorimetry, Electrical Methods of, 

§ (10), Table V. 

Sim [fiiTiiiJB, Ai*i*[joation or Phtnoipuj to 
C.?onvk(!TI()N OuituhJNTS. See “ Heat, ('on- 
vection of,” § (2) (iii.) (iv.) and § (4) (iv.). 


SIMPLE HARMONIC MOTION 


Turn may ho defined ns the orthogonal 
projection of uniform circular motion. Thus if 
a point Q {Fig. I) l>o supposed to desnrihe a 
circle with constant velocity, and if its position 
at ouch instant ho projected orthogonally on a 
fixed diameter AOA', Lho particular type of 
rectilinear oscillation which the projection 1> 



Mu. 1. 


executes bolwcen its ox Homo 
]u>sitions A, A' is called a 
“ sim]>lo harmonic,” or some¬ 
times meroly a “ simple ” 
vibration. 

I f w be the angular velocity 
of Q in the oirelo the inter¬ 
val between two successive 


transits of P in the same direction through 


any given position will he 2i r/w. This is 
called tho “ period " of the vibration ; its 
reciprocal w/2tt which gives tho number of 
complete vibrations per unit time is called 
tho "frequency.” Tho distanoo (a say) of 
tho extreme positions A, A' from Hie mean 
position O is called the “ amplitude." Tho 
angle AOQ. is culled tho “ phase.” 

'Tho velocity of Q, is at right angles to OQ 
and equal to wit. It is thorofore represented 

by the vector w . OV, whore OV is the radius 
drawn 00° ahead of OQ. The component in 


-> 


A A' in represented by w. OIT, which is there¬ 
fore the velocity of P. Again, the aoeoloration 


of Q is roj)rcsontod by <u 5 . QO, and tho com¬ 


ponent of this in AA' is w 3 . PO, which is 
accordingly the acceleration of P. 

It is this proporty, that tho aoeoloration 
is directed always towards a fixed point, and 
is proportional to tho distnneo from that 
point, which gives simple harmonic motion 
its special importance in Meehan ion. A body, 
or (more generally) any system having ono 
degree of freedom, whinh is slightly displaced 
from a position of stable equilibrium is urged 
back towards this by a force approximately 


proportional to the displacement. 'This is 
tho ease, for instance, with a pendulum, or a 
galvanometer needle, If tho body lie left 
to itself its motion will (so far as the approxima¬ 
tion holds) bn simple harmonic ; for wo can 
always construct a type of simple harmonic 
vibration which obeys the required law of 
acceleration, and also satisfies prescribed initial 
conditions of displacement and velocity. 

If Q„ bo the initial position of Q in Fig. 1, 
the angle AOQ. n is tho initial phase. Denoting 
this by c, we hn-vo AOQ, = wH-£. Iloneo if x 
denotes the displacement OP, with the, usual 
eon volition as to sign, wo have 

,r =it cos (wt -I-«). . . . (1) 

If wo represent this function graphically, with 
t as abscissa, and x as ordinate, wo got a curve 
of sines, ns in Fig. 2, 

For this reason simplo harmonic vibrations 
aro sometimes x 
described as 
“ sinusoidal.” 

Tho pieced- o 
ing statement 
is equivalent to 
this, that (1) Fm. 2 . 

constitutes tho 

ge.nmtl solution of tho typical equation of the 
small motion of a body about a position of 
stablo equilibrium, viz. 

• • • ( 2 ) 

provided the value of w be suitably chosen. 
Wo find, in fact, on substitution, that (2) is 
satisfied provided w a — K/iYI, and since the 
constants it and c. aro at our disposal they 
nan bo adjusted so as to fulfil prescribed 
initial conditions of displacement (a - ) and 
velocity ( tlx/tU )• A form of solution which 
is equivalent to (1) is 

x = A uoa wt -i- II sin wl, . , (3) 

tho arbitrary constants being now A and B. 
8inco tho values of x and dxjttl recur whenever 
at increases by 27 t, lho porind is 2v/w, or 
2W(M7lC). It is to bo noted that this 
depends only on tho nature of tho dynamical 
Bystom considered, and is independent of tho 
initial conditions, and therefore of the 
amplitude. Tho oscillations arc accordingly 
said to be "isochronous”; but it must bo 
remembered that tho equation (2) is usually 
obtained as an approximation, in which 
powers of x higher than tho first are neglected, 
and that it therefore ceases to ho practi¬ 
cally valid when tho amplitude exceeds ft cer¬ 
tain limit. Tho structure of tho formula 
2ir \/(M/K) for tho period should bo noticed 
on account of its wide applications and still 
wider analogies. Tho period varies ns the 
I square root of tho ratio of two quantities, 
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" *>f which (M) represents tho inertia, and 
' other (1C) tho elasticity or "spring” 
Uio syatom. For instance, in tho ease of 
vibrating under the torsion of a sub- 
utliug wire, M is the moment of inertia of 
In nly, and K the torsional rigidity of the 
i*t*. 

I n nil practical oases vibrations are affected 
•I't 1 ) or less by friction. This may bo allowed 


ill many cases by introducing into tho 
'irttimi a rotarding force proportional to tho 
luoifcy, thus 



.,<Px . dx 

• 

• (I) 

Writing 

£-* S-“. • • 

. (fl) 

i lilifcuiu 

>• • 

- (0) 

lioli in tlio 

typical equation of “ damped ” 

oil lalioiiH. 

This is satisfied by x 

=Aer l 

o vitlcd 




\ a + 2*\-l-w» = 0. . . 

■ (7) 

hon tlio Motion is sullloioutly small, 

more 

•ouinoly wlion h<w, wo have 



\= -k±i(o\ 

- (8) 

him'! 

u'=.*/(»*-'¥). . . 

- (9) 

on evu an 

=«■"**(Ae'"' 4 - 1 - Be - <,o t ), . 

. (10) 

in roivl form, 


r« =• 

b" ^(F cos u't -1- G sin wT). 

. (U) 


disturbing foreo whose accelerative effect is X 
wo have, if friction be neglected, 


djx 
iIt * 


+ 


w** = X. . 


(U) 


Tho most important case is whoro X is a 
simplo-harmonio function of t, say 

X-/ cos pt. . . , (1C) 

Tho solution then is 

x — 5 cos pt + A cos w t + B sin ut. (10) 

<>r-p- 

Tho first term represents tho “ forced os¬ 
cillation ” due to tho disturbing force j it 
lias tho Bamo period 2ir/p us the latter, 
and its pliaso is the same or the opposite, 
according as p%w, i.e. according a a the 
imposed period is longer or shorter than tho 
natural period 2nju. The remaining terms 
represent a “ freo ” vibration suporpnsecl on 
the former; tho constants A, B depend ns 
before on the initial conditions. Tho ampli¬ 
tude of tho forced oscillation becomes very 
groat when tho forced and natural periods 
nro nearly coincident. This is exemplified by 
tho phenomenon of “resonance” in Acoustics, 
but for a comploto discussion it is necessary 
to talco into consideration tho ofi'eot of dissipa¬ 
tion forces, 

When friction is taken into account the 
equation to ho solved is 


Ilia may bo described ns a simplo harmonic 
i 1 trillion whoso amplitude diminishes ox- 
oiicntltUly uncording to tho law e -w . The 
xt£<> of one olongation to the next (on tho 
]»jicmito side) is o nklu “ i the logarithm of tliis 
> l itiHO 10, viz. 7r/'/w' x logjo e, is called tho 
lcijgaritlimlu decrement.” Tho formula (9) 
Iiowh that tiic period 2 ir/w' is lengthened 
•y tlio friction, but if tho ratio k/w is small 
lio o fleet is only of the second order and may 
f tim lio neglected. 

When A:--w tho roots of tho auxiliary 
equation (7) are real and negative. Denoting 
limn l>y -a, -ft, wo havo 

;c «Ae-‘ lt -l-Bc-^ . . ( 12 ) 

I’ltcru is nmv no truo oscillation-, tho body 
u lhhoh onoo (at most) through its mean position, 
,i»\vardH whioli it finally oreops asymptolioolly. 
I'liin typo of motion is described as “ aperi- 
K liti,” or " dead-beat.” In tho intermediate 
whoro It—to tho solution is 

«*=(A + IM> «“**, ■ • (18) 

tnd tho w\ mo ’remarks apply. 

When in addition to tho restoring force 
ro] H-cfiimtod by -- w a .x‘ there is an extraneous 

VOIj. I 


One method is to oxainino what extraneous 
foreo would bo required to maintain a 
proscribed oscillation 

*=C oos pt. . . . (18) 

Wo find 

X =0 {(— p*) cos pt - 2kp sin pt) 

=CK cos (pt + u), .... (19) 
whoro H and a have been chosen bo ob to 
make 

H cos a=w 9 —j) a , H sin a= 2kp. (20) 
Changing tho origin of t, it appears that a 
disturbing foreo 

X=f cos pt . . . (21) 

would givo riso to tho forced oscillation 

‘ V ~li CO 8 — a > * ’ ‘ ^ 

On this may bo suporposed a freo os oi Hat ion 
of tho typo ( 11 ) or (12) or (13) ns tho case 
may bo. Tho freo oscillation, however, ^ and 
thoreforo tho influence of tho initial conditions, 
gradually docays until the forced oscillation is 
alone sensible, 

An alternative way of obtaining tlio above 
rose It is to put, in (17), X and to 

3 n 
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Sir.VKu : 

Atomic! 11nat <»f, nt low tomporaturos, 
NohihI’k values for, tubulated. See 
“ < Inhirimetry, KUwlrienl Methods of,” 
§ (11), Table VI. 

Solid and Million, I'linissivity of, determined 
Uy optical pyrometer. See, “ Pyromctry, 
Optiml,” § (21). 

•S|ii«ojlio |-|mt of, ai various temperatures, 
(alnilaU'il, with tho Atomic Heat. See 
“ Calorimetry, Klecbrioal Methods of,” 

$ (10), Talilo V. 

SiBin.rniDK, Am.mATioN ok Piunoiut.b to 
Convijotion (’un it i: nth. Hc.o “ float, Con¬ 
vection of,” § (2) (iii.) (iv.) and § (4) (iv.). 


HliMPJ.K II Alt, MON Id MOTION 

'I’llin nmy Im defined ns blui orthogonal 
lirojnotiim of unifonn l ircnlar motion. TIuih if 
a point CJS (Fig. 1) Jin supposed to desoriho ft 
oirelct with constant velocity, anil if its position 
ut ouch iiiBtanb bn projected orthogonally on a 
fixed diameter AOA', thn particular type of 
rortilimmr oscillation which the projection P 
oxeoutoH between its oxtiemo 
positions A, A' is cinlled a 
“ simple linrniimin,” or w>mo- 
Uinoa merely a “simple” 
vibration. 

J f w he tlio angular velooity 
of Q in the eirolo the inter¬ 
val between two successive 
P in the same direction through 
position will 1)0 2ir/w. This is 
“period” of the vibration; its 
reciprocal <o/2v whioli gives tho number of 
oomplolo vibralioim por unit time is (Milled 
tho “ frequency.” Tho dislauco (a say) of 
tin* extretno positions A, A' from the mean 
position O is called tho '‘amplitude.” The 
angle AOQ is culled the “ plmtie.” 

Tlie velocity of Q is at right angles to OQ 
ami eipml to to«. It is therefore represented 



tvaimilH of 
any given 
nailed Mm 


liy the vector w. OV, when* <)V is the radiim 
drawn DO" ahead of OQ. The component in 

A A' is mpii'HDiitod by w , Off, which is there¬ 
fore 11m velocity of P. Again, tho acceleration 

of Q is represented by w a . QC), and tho com- 


jmiUMit of this in A A' in w Q . PO, which is 
neuordingiy tho acseolenilion of 1\ 

It is thin property, that tho nocolomtiou 
in rliivtitwl always towards a fixer! point, and 
is proportional to the distance from that 
point, which gives simple hnrmonla motion 
Its special iiii|K)rtunoe in Moehnnios. A body, 
or (inoro generally) any system having ono 
tlcgreo of freedom, which is slightly displaced 
from a position of stable equilibrium is urged 
back towards this liy a forco approximately 


proportional to tho displacement. This is 
the enso, for instance, with a pendulum, or a 
galvanometer noodle. If the body be left 
to itself its motion will (so far as the approxima¬ 
tion bolds) be simple harmonic ; for we can 
always construct a typo of simple harmonic 
vibration which obeys the required law of 
acceleration, and also satisfies prescribed initial 
conditions of displacement and velocity. 

if Qp bo tho initial position of Q in Fig. 1, 
the angle AOQ 0 is the initial phase. Denoting 
this by c, we have AOQ=«t+e. Hence if x 
denotes the displacement OP, with tho usual 
convention as to sign, wo have 

.x'—acos (oit -I-«). . . . (1) 

If wo represent this function graphically, with 
l ns absoissa, and x ns ordinate, we get a curve 
of sines, as ill Fig. 2. 

For this reason simple harmonic vibrations 
are sometimes A 
described as 
“ sinusoidal.” 

Tho proccd- q 
mg statement 
is equivalent to 
this, that (1) fig. 2 . 

constitutes tho 

general solution of tho typical equation of tho 
small motion of a body about a position of 
slablo equilibrium, viz. 

11^=-Kir, ... (2) 

provided tho value of w bo suitably chosen. 
We find, in fact, on substitution, that (2) is 
satisfied provided w a = K/.M, and since tho 
constants a and e are at our disposal they 
can 1)0 adjusted so as to fulfil prescribed 
initial conditions of displacement (a) and 
velocity (tix/dl). A form of solution which 
is equivalent to (1) is 

x= A cos ut -h B sin oil, . . (3) 

tho arbitrary constants being now A and B. 
Sinoo tho values of x ami dxfdl recur whenovor 
ut increases by 27 t, tlio period is iir/o>, or 
2ir '/(M/IC). It is to bo noted that this 
depends only on the nature of tho dynamical 
system considered, and is independent of tho 
initial conditions, and therefore of the 
amplitude. Tho oscillations are accordingly 
said to lie “ isochronous ” ; but it must bo 
remembered that tlio equation (2) is usually 
obtained as an approximation, in which 
powors of .x higher than tho first are neglected, 
and that it therefore conscs to be practi¬ 
cally valid whon tho amplitude exceeds a cer¬ 
tain limit. Tho structure of tho formula 
2*V(M/Kj for tho period should bo noticed 
on account of its wido applications and still 
wider analogies. Tho period varies as_ tho 
square root of tlio ratio of two quantities, 
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<>tio nf which (M) represents the inertia, ami 
I3 io other (1C) the elasticity or “spring” 
'•f him system. Fur instance, in the ease of 
a vibrating under the torsion of a sus- 

1 hji icI i i ijr wire, M is tlio moment of inertia of 
him 1 u idy, and 1C tho torsional rigidity of the 
vvi iv. 

In nil practical eases vibrations aro a (Tented 
moris nr loss by friction. This may bo allowed 
b*i‘ in many eases by introducing into tbo 
»'■<lnation a retarding force proportional to tbo 
vulooity, thus 



i: ,, ,,dx 

• ■ (•») 

W riling 

K ,, It ... 
H~ w ’ »-“• • 

. . (5) 

w<> obtain 

‘S+at'S-i-w*#* 0 , 

tit 2 dt 

• • (fi) 

wlunh is the 

ty]iical equation of 

“ damped ” 

omiil bilious. 

This is satisfied 

by ;c = Ae X£ 

provided 

\ a i- 2/w\ -!-w' J ----- 0. . 

• • (7) 


disturbing force whose accelerative effect is X 
wo liftvc, if friction he neglected. 


tl 2 . B 

ill 2 


+ u 2 x~X. 


(U) 


Wlujii the frietion is suflieumtly small, more 
procrimily when k •-«, wo have 



\!ss—k-):w'. 

. (8) 

wlusro 


• («) 

1 Fomin 

*«e~t»(Ae lVt l-Bc- , ‘ u ' t ), . 

. (10) 

or, in 

real form, 



x ~it~ * £ {F eim <o 'l - 1 -G sin w *t). 

. (ID 


Tho most important ease is where X is u 
simplc-harinonie function of I, say 

X=/eos pt. . . . (10) 

The solution then is 

* “ u 2 "i"^s «w pl + A cos wf+B sin uf . (10) 

The first term represents the “ forced os¬ 
cillation " due to the disturbing force; it 
has the same period 2? r/p as tlie latter, 
and its pbaso is tho same or the opposite, 
according as p%u, i.e. according as the 
imposed period is longer or shorter than the 
natural period 2tt/w. Tho remaining terms 
represent a "free” vibration superposed on 
the former; tho constants A, B depend as 
lioforo on tho initial conditions. Tho ampli¬ 
tude of tho forced oscillation becomes very 
great when tho forced and natural periods 
are nearly coincident. This is exemplified by 
tho phenomenon of “ reaonnnco” in Acoustics, 
hub for a complolo discussion it is necessary 
to take into consideration tho effect of dissipa¬ 
tion forces. 

When friction is taken into account the 
equation to lie solved is 


. oi/is? 

(U* + ta 


j 2 .r = X. 


(17) 


'Huh may bo dowtribod as a simplo harmonic 
vilimtion whoso amplitude diminishcH ox- 
p<u initially according to tho law <r kl . Tho 
rutin of olio elongation to tho noxt (on tlio 
side) i*» ; the logarithm of this 

tci 1 niso 10, vl/.. tt/'/w' x lng lu e, is onllod tlio 
“ lo|;tu‘ithuiio dccremont." Tho formula (9) 
shown that tho poriod 2ir/w' is Iwigthencd 
l>y Um friction, hut if tho ratio kfu is small 
tho effect is only of tlm second order and may 
often liouogloolod. 

"When k-’to tho mots of tho auxiliary 
ucj milieu (7) aro real and negative. Denoting 
bhfini by -a, -•//, wo have 

;f-aA«" Bt -i:»C"^ . • (12) 

(I’fioro in now no true osoillation ■, tho body 
. Hi hhijh ouco (at most) through its mean position, 
towards which it finally creeps asymptotically. 
r riiin typo of motion in described as “ apori- 
«nlia,” or " deud-boat.” In tho intormediate 
<{iisc whom tho solution iH 

x:--.(A . • (12) 

and tho saiwiromarks apply. 

When in addition to tho restoring force 
rupresented, hy - w 0 # tlioro in mi extraneous 

vor,. i 


Ono method is to examine what extraneous 
force would he required to maintain a 
proscribed osoillation 

x = G cos pt. . . . (18) 

Wo find 

X=(J{(w a — 7 J 2 ) cospf - 2kp sin pt] 

=CH cos (pt + a), . . . • (19) 

whoro It and a have boon chosen so as to 
mako 

II cos u —io 2 ~-p 2 , H sin a = 2 kp. (20) 

Changing tlio origin of t, it appears that a 
disturbing force 

X =/ cos pi . . . (21) 

would givo rise to tlio forced oscillation 

x = jj cos (pt - o .). . . (22) 

On this may ho superposed a free oscillation 
of tho type (11) or (12) or (13) as the case 
may bo. Tlio free oscillation, however, ana 
therefore tlio influence of tho initial conditions, 
gradually decays until the forced osoillation is 

alone sensible. , . 

An alternative way of obtaining the above 
X =fe ipt , and to 

3 B 


result is to put, in (17), 
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Srr.VKii : 

Atomic! Heat of, at low temperatures, 
Nemst’s values for, tabulated. See 
“ Calorimetry, Electrical Methods of,” 
§ (11), Table VI. 

Solid and Molten, Emissivity of, determined 
by optical pyrometer. See “ I’yrnmct.ry, 
Optical,” |j (21). 

Specific ITeat of, at various temperatures, 
tabulated, with the Atomic Heat. See. 
“ Calorimetry, Electrical Methods of,” 
§ (10), Table V. 

SlMIUTUDK, ArmOATION Ob' TllINOIPLU TO 
CoNV motion CliUKblN'rs. See “ Heat, Con¬ 
vection of,” § (2) (iii.) (iv.) and § (4) (iv.). 

SIMPLE HARMONIC MOTION 



Fio. t. 


This may bo defined ns the orthogonal 
projection of uniform circular motion. Thus if 
n point Q (Fig. 1) bo supposed to describe a 
circle with constant velocity, and if its position 
at each instant bo projected orthogonally on a 
fixed diameter AOA', the particular typo of 
voetilinoar oscillation which the projection I* 
oxeoutes between its oxliemo 
positions A, A' is called a 
“ simple barmonio,” or some¬ 
times moroly a “ simple ” 
vibration. 

If w bo the angular volooity 
of Q in the oirelo tho inter¬ 
val between two suecossivo 
transits of P in tho same direction through 
any given position will ho 2tt/w. 'l’hia is 
called tho " period ” of tho vibration j its 
reciprocal w/2r which gives tho number of 
complete vibrations per unit time is eallod 
the “ frequency.” Tho distnneo (« say) of 
the extreme (msitions A, A' from the mean 
position 0 is culled llm “amplitude.” Tho 
angle AOQ is eallod tho “ plume.” 

The velocity of Q, is at right angles to OQ 
and equal to oiu. It is thoruforo represented 
—>>- 

by the vector «. OV, whore OV is the radius 
drawn 90" ahead of OQ. The component in 

A A' is represented by w . 00, which is there¬ 
fore tho volooity of P. Again, tho decoloration 

of Q is represented by w 3 . QO, and tho com¬ 


ponent of this in AA' is w 8 , PO, which is 
accordingly the acceleration of P. 

It is this proporty, that tho acceleration 
is directed always towards a fixed point, and 
is proportional to tho distnneo from that 
point, which gives simjilo harmonic motion 
its special importance in Mechanics. A body, 
or (more generally) any system having one 
degree of freedom, which is slightly displaced 
from a position of stahlo equilibrium is urged 
back towards this by a forco approximately 


proportional to tho displacement. This is 
the case, for instance, with a pendulum, or a 
galvanometer needle. If the body he left 
to itself its motion will (so far as the approxima¬ 
tion holds) he simple harmonic ; for wo can 
always construct a type of simple harmonic 
vibration which obeys tho required law of 
acceleration, and also satisfies prescribed initial 
conditions of displacement and velocity. 

If Q„ be the initial position of Q in Fig. 1, 
the angle AOQ„ is tho initial phase. Denoting 
this by e, we have AOQ, = w<-i-c. Ifenco if x 
denotes the displacement OP, with tho usual 
convention ns to sign, we hnvo 

a;--« cos (tot -I- e). . . . (1) 

If wo represent this function graphically, with 
t ns abscissa, and x as ordinate, wo get a curve 
of sines, as in Fig. 2. 

For this reason simple harmonic vibrations 
arc sometimes A - 
described as 
“ sinusoidal.” 

Tho proced- o 
ing statement, 
is equivalent to 
this, that (i) Piet. 2. 

constitutes tho 

general solution of the typical equation of tho 
small motion of a body about a position of 
slablo equilibrium, viz. 




- Ka, 


( 2 ) 


provided the value of w bo suitably chosen. 
We find, in fact, on substitution, that (2) is 
satisfied provided m 3 - K./M, and since the 
constants a and e are at our disposal they 
can he adjusted so as to fulfil prescribed 
initial conditions of displacement (:u) and 
velocity (itx/dt). A form of solution which 
is equivalent to (1) is 

x~ A cos wi -I- B sin id, . . (3) 

the arbitrary constants being now A and B. 
Since the values of a: and dxjdl recur whenever 
w t increases by 2tt, tho period is 27r/w, or 
2ir nAM/K). It is to ho noted that this 
depends only on the nature of tho dynainioul 
system considered, and is independent of tho 
initial conditions, and therefore of tho 
amplitude. The oscillations arc accordingly 
said to bo “ isochronous ” ; hut it must ho 
remembered that tins equation (2) is usually 
obtained as an approximation, in which 
powers of a 1 higher than tho first are neglected, 
and that it therefore ceases to he practi¬ 
cally valid when tho amplitude exceeds a cer¬ 
tain limit. Tho structure of tho formula 
27r\/{M/Kj for tho period should ho noticed 
on account of its wido applications and still 
wider analogies. Tho poriod varies n3 the 
squaro root of tho ratio of two quantities, 
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nun uf whluh (Jl) represents the inertia, imtl 
ll ,n u|,h(si‘ (K) tlm elasticity or “spring” 
nf l.lui Kystoni. I 1 ’ <i]‘ instance, in the rase of 
it In h ly vibrating under tho torsion of a sns- 
piHidinfg wiro, M is tlio moment of inortia of 
tlm hue ly, and Iv Uio torsional rigidity of this 
win'. 

In all practical oases vibrations aro affected 
mill'll or Ions by friction. This may bo allowed 
lor in nmny eases by introdnoing into tins 
<i<i mitinii a retarding force proportional to Uio 
Vidmiil.y, (fins 


Writing 


\vn obtain 


-K»-It- 


tit-' til 


Wliiuli in tlio typiral equation of “damped’* 
im< dilations, This in satisfied by ai=Ae Al 
|si'u viiJnd 

\* i-2*\ I•«*«.•««. ... (7) 

Wliun tlio frietion is sullieieutly small, more 
|iri’i«iHoly when k - - «, wo hivvo 

\:a »V. . . . (8) 

whom w't-s N^(u» a — k*). . . . (D) 

H.mon it-■,.*«-WfAflfc* Uc" *“'*). . . (10) 

nr, iu mil form, 


a:*'(||’OOH io’l I-(! sin wT). . (LI) 

Thin may bo dmiribod as a simple harmonic 
vibration whoso amplitmlo diminishes ox- 
jumoiiUally uoooriling to Iho law Tho 

ml in of nno elongation Lo tho noxfc (on tho 
np|ioHito sido) is « wA ' /,u '; tho logarithm of this 
I n iiuso 10, vi/. irk/w' x log l0 is called the 
“ in^nritiimio derremont.” Tho formula. (9) 
idinwH tlmt tho period 2rr/w' ia lengtlioned 
by tho friction, lint if Uio ratio kjto is small 
tlm «limit is only of tho seeoml order and may 
ufl.oii be negleeted. 

Win'll k - - to tho loots of tho auxiliary 
equation (7) aro real and liogalivo. Denoting 
tliimi by -a, -fit wo have 

a-. .A,r nt -\-li\(i- pt . . • (12) 

Thoro is now no trim oHoillation tho body 
im snort oneo (at most) through its mean position, 
luwiui l« which it (inally creeps asymptotically. 
Thin typo of motion is described as “ apen- 
i itliu,”' or “ dead-heat,’’ In Uio intermediate 
funis where &■■■■•« tho solution is 

x (A \Wl)r" kl , . • (13) 

mid tlio an mo remarks apply. 

When iu addition to tho restoring foreo 
r<s pro minted by -«•* there is an extraneous 


disturbing force whose accelerative oilc-ct is X 
wo have, if frietion he neglected, 

d 2 . r. ,, 

5rf +«** = \. . . . (14) 

'I'ho most important ease is whero X ia a 
simple-harmonic function of t, say 

X =/ cos pt. . . . (If,) 

Tho solution then is 

x =^ cos pi -i- A cos ui + B sin w/. (1 (I) 

Tho first term represents tho “ forced os¬ 
cillation ” duo lo tho disturliing force; it 
has the same period 2n/p as the latter, 
and its phase is tho same or the opposite, 
according as ptx, i.e. according as Uio 
imposed period is longer or shorter than tlio 
natural period 27 t/w. The remaining terniB 
represent a “ free ’’ vibration superposed on 
Uio former; the constants A, B depend as 
hoforo on tho initial conditions. Tlio ampli¬ 
tude of tho forced oscillation becomes very 
great when tho forced and natural periods 
are nearly coincident. This is exemplified liy 
tlio phenomenon of “ resonance ” in Acoustics, 
hut for a complete discussion it is necessary 
to take into consideration tho effect of dissipa¬ 
tion forces. 

When friction is taken Into account the 
equation to ho solved is 

5f + «5l + *.x . . ,i,) 

Olio method is to examine what extraneous 
foreo would bo required to maintain n 
, preseribod oscillation 

i * = Ccosp/. . . . (18) 

i Wo find 

1 X=0{(w 3 -2J 2 )cob?>/ -'Zkpempl} 

| =011 cos (pl+a) .(19) 

1 whero II and a have been chosen so ns to 

’ make , 

II cos «=w 2 — p\ H sin a=2kp. (20) 

[, Changing tho origin of l, it appears that a, 
3 disturliing foreo 

X =/ cos pi . - - (21) 

) would give rise to tho forced oscillation 

x-^coh (pi-a). . • ( 22 ) 

i- On this may ho superposed «• 

:e of tho typo (11) or (12) or 
may bo. Tho freo oscillalio. 
thoreforo tho influence of tho i 
1) gradually docays until tho for< 
alono sensible. 

, 0 An altornativo way of obtami 
us | result is to put, in (17), X-j 
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7il8 


discard in the <si liI the imaginary part uf Hio 
man It. Tlio mil iitii hi lliuii is 


/)--!• •Irk} J 


St m 

tie** 




>iW-«) t 


(28) 


1 , 1 m mn! purl, uf which is as in (22). 

It appears from (22) ancl (20) that the 
pliiisi! of the displacement lags behind Mint of 
tlm force by nn angle a determined by 

tim«= . . . (24) 

CO 3 —p- ' ' 

This angle lies in tho lirsl or second quadrant 
mioonling as ■/»?. w. Tf the ratio k/io bo small 
the angle approximates as a rule to 0 or 180° 
re spec lively, wliioh arc the vaLnes when there 
in no friction, but if /> is aulUoiontly nearly 
equal to <u (he angle approximates to 1)0° 
on one side or the other. Sineo 


JI ' J (cj ,j ~ ./r) 3 -|- -I k-p-, . . (25) 

the amplitude of (he forced oscillation is 
greatest when p is in tho neighbourhood of «, 
proviileil kju be small. In any ease, tho 
lnaximiim amplitude is //2/rw', and is therefore 
grealor the Hinnllor tho frictional coefficient 2k, 
us was to ho expected. A more important 
matter is (ho influence of tho period on tho 
absorption of energy. Tho rato at which 
tho oxlrunemm force docs work is 


, Xjjj — ?jj- (lOH pt sin {pi — re) 

=--|^(sina-sin (2^-a)}, (20) 

the mean value of which is 
.,,ra fi 

^ j j sin <i or ^sin 3 a. . . (27) 


This attains ils maximum vuluo / 3 /4& when 
a.-DO'’, or p w exactly. It is to he noticed 
that although (ho reHonanco is more intense 
tlm mimller (lie vuhio of k it is ceneontmled 
on a narrower rimgo of frequency. To show 
the elfcct of a alight deviation from tho 
critical value of p, put p/u — Y-yz, whore z 
is suuill, and Wo find tan 

or «-.i ^7r-i-5//-(, approximately, in circular 
niemmre. Tho formula (27) becomes 


/ a ft 

4m * t-3 a ' 


(28) 


The graph of (lie hoc on d fun tor is shown in 
Elf/. 11 for vnrimm values of (i. '.I'lio ]>rim)iplo 
hero cKtabliHlicd lias many applications in 
Acoustics. J/or instance, (lie vibrations of a 
piano wire arc only slowly given up to tho 
air, ami a do so coincidence of pitch is 
horuforo necessary in order that it may 
respond andilily to a note sounded in its 
neighbourhood, tin tho other hand tho 
column of nir in an organ pipe, wliioh has little 


inertia and readily gives up its vibrations to 
the, outer nir, will respond with only a slight 
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variation of intensity to a much widor range 

of frequencies._ ir r< 

SKEW - UAOK IN A Soil MW PROPELLER is 
defined as tho displacement of the centre 
line of a blade from the normal to the axis 
whon viowed from aft. See “ Ship Resistance 
and Propulsion,” § (41). 

Skin Fhiction. See “Ship Resistance and 
Propulsion,” § (5). 

Slide • valve fou Steam Engine. See 
“Steam Engine, Reciprocating,” § (2) (ii.). 

Sr.iri’iNa of Belts—E lastic stretching of 
leathor holLs pausing over pulloys. Seo 
“ Friction,” § (86). 

Smiting between Surfaces in Rolling 
Contact. See “ Friction,” § (37). 

Smith, A. W.; inoasurcmcnt of latent heat 
of water. Seo “ Latent Heat,” § (4). 

Sodium, Specific IIkat of, in the Annealed 
and Molten States, at various tempera¬ 
tures, tabulated, with tho Atomic Heat. 
See “ Caloviinotry, Electrical Methods of,” 
$ (10), Tablo V. 

Solid Angle subtended by a Surface at a 
Point. Dcsoribo a none with its vortex at 
tho point by radii drawn from tho point to 
all points of tho boundary of tho surface, 
and lot A bo tho area of a sphere of radius R 
which is intercepted by this cone. Then tho 
ratio A/R a is known as tho solid angle 
subtended at tho point by tho surface j it 
is oloarly equal to tho area intercepted by 
tho cone on a sphoro of unit radius. 

Solid Piston Air-pumps. See “ Air-pumps,” 

§ (II)- 

Solid State, Change of Specific Volume in 
passing to. Seo “ Thermal Expansion,” 
§ (31). 

Solids : 

Mothods of measuring Thermal Conduotivity 
of. Soo “ Heat, Condoetion pf,” §§ (3)-((l), 
SpooiOo Heat of, by Electrical Methods. 
See “ Calorimotry, Electrical Methods 
of,” § (8). 
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■So I, UNIONS, '.I’ll KRMIM1V NAM ll.'H UK 8uo 

Thurmiulyiiamies,” § (ill!). 

Noun i>, Vm.noiTV ni’’, union to determine y, 
•Son “ Thermodynamics,” <j (fiH). Sen also 
Vol. IV. 

^'■'NIhnii Ai'I'AUATIIH. Ono typo consists of 
II- m impressed nir gauge lilted with a wm- 
■utiini valve. Tho pressure attained is 
wlmwu by the quantity of water which 
oiv(,im's the lube. Tim second type consists 
••I' n |,n bi' dom'd at one. md and coated 
iiiMulo with a ohomieul whioh will ho coloured 
i'.V l-ho notion of tho non water. This is 
di-<>(ipo<! in a sinker with flu' upon end 
downwards, and again tho pressure oan ho 
ni tin 1 ilalcul from tho amount of wntor whioh 
Iucm entered, shown by tho disooloration 
I in icliuuid. Hon “ Pressure, Measurement 

"f>" § (Ifi). 

SniiNiHNu Tuiim oi-' AT. IfnmiKT. Moo “ I’ichh- 
u ro, Measurement of,” $ (1(1). 

Sl’UlU l.-KI 11 EAT ! 

Tim ratio of tho amount of boat required to 
rnimi tho lempcmlimi of a substance ono 
c logroo to that roi|iiimd to raise tho tom- 
fiiiratum of an equal iiiiish of wntor ono 
degree niiiially from M"-o (!. to lfi°'fi (!. 

.in called its Mpooilio boat. In Homo oiikoh 

(dm range 17° <J. to IK" (!. is aoleotud, 
'.I‘ho conditions midor whioh tho heating is 
l o oi’imr may ho limited in varimm ways, 
t-ho two most iii»]Mirtaiit being («) constant 
volume and (b) constant pressure. Soil 
“ TbermodynamiiiM,” § (Id). Son also 
“ Spoeilie Heat of Saturated Vapour,” 
§ (fid) i " Npeeille Heat, Ratio of, in 
< Jam'll, ” {j (fiK) t “ S|M'.oilio Jloat, VurimiH 
I‘I.\ premiums for,” § ('JH). 

A |ifilieat'ion to tho Non-Metals of Dobyo’s 
iukI KiuHlein'ii Kormulim for, dm hi cod 
from the Quantum Theory. Moo “ (Jalori- 
nmtry, the Quantum Theory,” § (■III). 

I'Vinnniiio of Nermit and lihidomaim and of 
Debye, tested by NernsL on tho data for 
diamond, and results summarised in 
tabular form. See ibid, {j (4(1), Table IV, 

'J 'al mbit oil ( 'uNipariaon of Experimental 
Values for, with Eormulmi deduced from 
(din Quantum Tboory. Son ibid, § (‘Ifi), 
Table I. 

SuKClIflll IlKATM ! 

(>f Elements at; about fit)" aim., moaRuml 
hy tbe liipibl hyilrogon oaloriinotor and 
tabulated. See' “ Calorimotrio Methods 
based on tlm Ghailgo of State,” § (K), 
Table V. 

Oft iasea, I. allies of. See “ Engines, Thcrmo- 
(lyimmies of Internal ('oinlmalion,”.§ (70), 
'l : ali!i-s VI.-XI.aj " Npocilhi Heat of 
Gases at High Temperatures.” 

At Low Temperatures, Appliaiioes for tho 
iMisumrement of, by the Alothod of 


TEAM ENGINE, RECIPROCATING 73!) 


Mixtures. See “ Calorimetry, Method of 
Mixtures,” § (11). 

Variable. See “ Engines, Thermodyna¬ 
mics of Internal Combustion,” § (78) ; 

“ Specitie Heat of Gases at High Tem¬ 
peratures.” 

SrKomu Weight and Volume or Gases, 
tablo of. Sec “ Engines, Tliermodynamies 
of Internal Combustion,” § ((>8), Table I. 
Si'KENOKL I*u m i*. Soo “ Air-pumps,” § (18). 
Simjk Gear and Driving Chain Testing 
A t a chunk (National Physical laboratory). 
See. “ Dynamometers,” § ((>) (ii.). 

Sen roe High- i'ressurk Manometer. Seo 
“Pressure, Aleasurement of,” § (12). 

Squirrel Cage Steed Indicator. Seo 
“ Alctors,” § (0), Vol. III. 

States or Aggregation. Seo “ Thermo¬ 
dynamics,” § (28). 

Steam : 

Ditont Heat of, Comparison of Data for, by 
Callendar. Seo “ Latent Heat,” § (fi). 
Latent Heat of, Eorniuhie for Variation of, 
with Tompnmtitre, Seo ibid. § (6). 

Speeilbs Heat, of, at atmospheric pressure, 
investigated by Holborn and Henning. 
See “ Calorimotry, Alothod of Afixtures,” 
§(17). 

Speoiiio Heat of, determined hy Brinkworth 
hy tho eontinuous How electrical method 
at atmos])lioric pressure between 10-1° C. 
and 1 Lfi° 0. Sco “ Calorimetry, Electrical 
Methods of,” {j (14), 

Sjieoilie Heat of, determined hy Callcndar’s 
continuous electrical method, tho variation 
of tho specific bout with pressure being 
found by subsidiary experiments, using 
the throttling onloriniotor method, by 
Callendar and Professor Nicholson. Sco 
“ Calorimotry, Method of Mixtures,” § (17). 
K|>coi(io Heat of, Rognault’s Value for. Seo 
ibid. § (17). 

Steam Charts and Tables. Sco “Thermo¬ 
dynamics,” §§ (42) and (HI). 

STEAM ENGINE, RECIPROCATING 

§ (1) Desorifxion.—T ho reciprocating steam 
ongino is so named because of tho working 
substance used and tho motion of one of its 
fundamental parts. The cylindor, piston, and 
Homo moans of controlling the working sub¬ 
stance are essentials. Tho motion of tho piston 
within tho cylindor is ono of reciprocation, 
hence tho term “ reciprocating." _ The piston 
is a movable division plato constrained to nmvo 
axially within tho boro of tho cylinder. The 
piston must bo of adequate strength to with¬ 
stand without appreciable deformation the 
steam loads to whioh it is subjected, and its 
oireuinference must ho such a good lit m the 
boro of tho cylinder that steam cannot readily 
pass from tho ono to the other side of the 
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piston. Tho friction between tho piston and the 
lor must Ik? ii minimum. '.l.'hn limits of re- 
ei 11 conation of I ho piston nro usiuilly doflnitoly 
(h'linnl, ami l lio ilisf-iinco between tho limits is 
called tho “ stroke of the piston." Dilforonoo 
in inni'nitndc of tho loads noting oil the two 
sidi's of the piston onuses motion of the piston. 

I WTeroiieo of purpose in view has led to 
variation in detail and general appearance, 
and Home unusual (nature, or perhaps special 
snrvino for which the online is suited, has 
provided a class name for engines of similar 
outline or special service. A list of tho 
eln shi'H to which engines arc assigned in- 
oholes--marine, locomotive, stationary, port¬ 
able, vertical, horizontal, diagonal, oscillating, 
drop*valve, Corliss, winding, pumping, high- 
revolution. All, however, nro alike in one 
fundamental respect—all have a cylinder 
within which a piston reciprocates, and all 
have some means of controlling tho steam 
entering and leaving the engine cylinder. 

In thin article a very common place simple 
engine is ooiiHidorod first, and afterwards 
various departures from this simple ongino, 
which luvvo resnllml in establishing special 
classes of engines, aro noted. 

Fig. I shows diagrammatienlly the cylinder 
and piston of a “ douhlo-aoling " ongino. fn 
this llguro the omls or “ covers ” of tho oylindor 




rrt J c::::: 
b L t I Li::::: 



am shown containing the necessary control 
valves for regulating the steam ontoring or 
leaving the oylindor. When the piston is 
moving towards the right t-lio left steam valve 
K in open, allowing live steam to flow into tho 
gradually inomnsiiig npaeo due to the piston 
moving "away from tho left oylindor cover; 
and the right exhaust valvo E ih open to 
allow tho steam used during tho previous 
ntroko to escape (or ox haunt) from the oylindor. 
TJm return stroke of tho piston is caused by 
(dosing these two valves and opening the 
allorimlivo pair of valves. Tho ongino is 
nailed “ double-noting" to differentialo it 
from the “ single-acting " ongino in which hut 
one Htroho of ouch two strokes is a powor 
stroke. Tim siiiglo-ftoling engine is rarely used, 
ftud (hnii only for Homo very specialised duty. 

-i. — i i - ~‘-*f.'••••• *he advantage in 

he, and, thore- 
'•espondingly 
” i double- 


acting engine has an output approximately 
double that of the single-acting engine. 

Whilst tho motion of the piston is one 
of reciprocation, tho motion usually desired, 
for case in transmission, is rotary. Several 
mechanisms have been devised and used to 
transform from tho one to the other motion, 
and out of these tho crank and conncoting-rod 
mechanism holds tho premier position because 
of its compactness, small numbor of wearing 
parts, and reliability. 

§ (2) SlMPT.R l)OUIIJ.K-AOTINCi Engine. (i.) 
Description. —In Fig. 2 is shown in sectional 
pinn view and elevation a simple double-acting 
horizontal steam ongino. Ono end of the 
“ piston rod ” lt is attnohed to the “ piston ” 

P. 'J’ho piston rod passes through a suitable 
steam-tight “ stufling-hox with gland ” M, and 
terminates in a “ cross-head ’’ A. A “ con¬ 
necting rod ’’ H couples together tho cross-head 
and tho “ crank ’’ I) of tho “ crank shaft ” II. 
Tho cross-head eml of the connecting rod moves 
in a straight line; tho crank end of tho rod 
moves in a olrolo. To allow for tho resulting 
angular displacement of tho connecting rod, 
tho connections at tho cross-head and crank 
ends are not rigidly fixed as aro the connections 
between tho piston, or oross-hcad, and piston 
rod, hut aro pin connections. Tho pin G at 
tho oross-hoad end is called tho “gudgeon,” 
or “ cross-head pin,” and that in the crank 
tho “ crank pin " Y. Tho crank shaft is 
constrained in its motion by “ crank¬ 
shaft hearings ” Q, integral ‘ with tho 
“ ongino frame," or “ bedplate,” L. Tho 
bedplate is anchored to a suitable heavy 
foundation. At any instant tho load 
causing reciprocation is transmitted along 
tho piston rod and through the connect¬ 
ing rod to tho orank pin, and produces 
rotation of tho crank shaft. Twico in each 
revolution the piston rod, connecting rod, and 
crank arc in line. Tho ongino in such position 
is said to he on tho “ dead centra.” At all 
other times tho lines of action of tho forces 
along the piston rod and connecting rod are 
not coincident, and hence bending of both 
rods would occur if a support attached to tho 
oross-hcad wore not provided. Tho support 
consists of tho “ shoos ” S, secured to and 
reciprocating with the cross-head whilst bearing 
against tho “ guide surfaces.’' 

As tho piston rod, connecting rod, and orank 
aro in lino twico in oaoh revolution of tho 
orank shaft, tho turning moment twico in enoh 
revolution is correspondingly zero. If a 
diagram ho drawn as in Fig. 3 (a), the bnso 
lino representing the oiroumforonco of tho 
circle doBOribed in ono revolution by the orank 
•pin and tho ordinates representing tho resolved 
values of tho forces transmitted along tho 
commoting rod acting normally to tho crank 
I) and at the orank pin Y, it will bo noticed 
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Giu-t there is a eyelieal variation t>f considerable 
ranjgfi, The resistance offered by whatsoever 
l;lu> online may bo driving is usually nearly 
uoiiHtiuit. To absorb tho excess of energy 
during one part, of each half involu¬ 
tion and to make up tlio deficiency during the 
I’omniudor of the half revolution a “flywheel ” 


sum of the energy supplied by tliu two or three 
engines respectively. 

(ii.) Vafoea .—The means used for controlling 
the steam to and from the engine cylinder art; 
numerous. Should either rocking or drop 
valves he used, the valves may lie arranged 
in the cylinder ends as shown diagrammaticallv 



A. Cross-homi. 

If. OoimiHsUntt Kou, 
(). Cylinder. 

1), Crunk Web. 

M. Koeontrln Mlieavo. 
Ji’. flywheel, 

(I, dudgeon Pill. 

It. Ormilc Hlmft. 

J. Eccentric,Strap. 


K. Bearing. 

L. Bednlulo. 

M. Slufung-liox and Gland. 

N. Cylinder Cover. 

1*. l’lston. 

Q. Crnnk-slmft ISenrlng. 

It. Piston Jlod. 

S. Cross-head Shoo. 

T, Eccentric ltod. 


U. Eccentric ltod Pla. 

V. Slide Valve. 

\V. Valve Spindle Guide. 

X. Valve Spindle. 

Y. Crank Pin. 

Z. Combined Stop Valve and 

Throttle Valve. 

Git. Governor. 

VC. Valve Chest. 


It ju fitted to tho crank shaft. The range of 
tlio oyolicnl variation in crank effort maybe 
considerably reduced, ns at ( b ), by coupling 
together tho crunk shafts of two engines so 
tin'll in end view tho cranks aro 00° apart; 
tho addition of a third engine would further 
reduce the range, as at (c), provided that the 
cranks in end view are about 120 apart, in 
(f,) and (<;) tlio heavy solid lino marks the 


in Fig. 1. Considerable modification in the 
design of tlio cylinder is necessary should 
tho more common sliding valve he used. As 
oommonly arranged, one sliding valve controls 
both tho Biipply of steam to and tlie removal 
of the steam from both ends of tlio cylinder 
of a double-aoting engine. 

Tho simplest sliding valve, called the n 
slido valve ” hccauso of its resemblance to tlio 
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letter D in its ImigiUnliiml section, consists in 



:■< y-X X 



its elementary form *.T an opim-lop mold box. 


l_ Una Steam 


: Steam 





l.ointliiKHnnl .Section. 

If Min o[it'll top of Min initial Imx bo placed 
mi a. tmilublo anrfncu and Llio Ikix bo caused 
Id Min end walla of Uio box would 

iinvur and imnovnr miitnlilu uponingn provided 
in I bo Hiirfant) upon wliioli reciprocation lakes 
piano, In Flit- -I a ntniiintin J) slido vnlvo is 
shown ul, (lio tniddlo of Hu tmvol nnd in its 
lulntinii to l-hn nylintlov pnsHiigflS. 'I'ho live- 
Hlniini tipueo in outside tint slide valve, and tlio 
oxIuiuhL hpiittii in within tlio nlido valve. Even 
Mimigb relieving devices ai'o iiaod (there 1 h no 
proviHion for Hindi n ilevieo in Fig. 4) tlio load 
anting on tlio I molt of (lie valve nnd pressing 
Urn valve on to tlio cylinder ftuio Jh consider¬ 
able, III is thoroforo desirable to mnko the 
area imbjeeb to otoniii loud ns small as possible 
mid to have the amount of reciprocation a 
minimum, Tlio length of tlio steam ]nn-ts or 
pasfuiges eivnnot oxcood tlio diamoter of tho 

L’tS 

;ho 

illO 


Lvo 


to ils “ spindle ” is by means of nuts, so that 
a slight adjustment of tho valve upon its 
spindle is an easy mattor. The valve spindle 
passes through tho end of tlio “vnlvo chest 11 
VO as shown in Fig. 2, a stuffing-box and gland 
At being used to prevent the escape of steam 
from tho valve chest to the atmosphere, and 
ends with a pin connection to which the 
“ eccentric rod ” 'I.’ is attached. A “ vnlvo 
spiiullo guide ” W is necessary to give support 
to the vnlvo spindle because of tlio angular 
displacement of tlio eccentric rod rolativo to 
the vnlvo spindle during ench stroke of tho 
piston. The valve spindle is enlarged whoro 
tho guide is provided, the enlargement re¬ 
ciprocating within tho guide secured to tlio 
engine frame. In comparison with the engine 
piston the amount of reciprocation of the slido 
vnlvo is small, and the load taken by tho valvo 
spindle guide is not great. 

A pictorial view of the slido valvo, with 
a portion of its spindle, raised bodily above 
tho valvo face of tho oylinder upon which 
it reciprocates, is shown in Fig. fi. Ono 
corner of tho slide valve is broken to 
show tlio general distribution of molivl in 
tho vnlve. In the actual valvo there is of 
courso no such break. 
Tho valvo is guided 
in its reciprocation 
by tho machined slid¬ 
ing surfaces A niul B 
moving upon similar 
surfaces machined in 
nnd forming part of 
tlio valvo chest; 
thcBO are marked C 
and I) in Fig. -I. 

-Tlio motion of the slide 


rmiiHVOUK) Section. 

The Fcccnlric. 



Fia. 5. 


vnlvo is provided by a virtual crank and con¬ 
necting rod called an “eccentric sheave” and 
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simp and rod ” respectively. The 
sheave is a omul; wherein the crank 
I’* 11 in HiillioicuUy large, lit embrace the crank 
wltu-ft, although fur manufacturing ur other eon- 
voriuuieo it in usually separate from the shaft. 

tlio t hree sketches of Fit/, (1 it will he noticed 
t hat, (die same eccentricity has been maintained, 
and Unit at (r/) tins strength of the shaft is much 
impaired by forming tho valve crank, whilst 
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by adding “ steam la]) ” to the valve, and 
altering correspondingly the angular position 
of the eccentric sheave. The Jap of a valve 
is defined as the amount hy which the edge 
of the valve overlaps the corresponding edge 
of the corresponding port when the valve 
is in its middle position with regard to its 
travel. Should the lap he over the steam edge 
of tho port, L of Fig. 4, the lap is “ steam 
laj)”; should the lap he over the ex- 
(must edge of the port, EL of Fig. 4, 
the lap is “ exhaust lap.” The steam 
laps at both ends of the valve are 
not necessarily equal; the exhaust 
laps also are not necessarily equal, 
and sometimes one or both are nega¬ 
tive. 

(iv.) Cul-ofj .—The admission of steam 
during a portion of the stroke of the piston 
instead of during tho complete stroke is known 
as “cuttingoff" tho steam supply,and the point 
of tlio stroko at which the steam supply actually 
ceases is called the “ point of cut-off.” It may 
bo of interest to note that if the cut-off is at 
one-half of tho stroke and the engine is running 
nfc 301) revolutions per minute, tho period 
during which tho steam may enter the engine 
cylinder is hut ono-twenticth of a second. 
During this short interval of time the slide 
vnlvo from the closed position opens the steam 
port to the full and closes it again. Throttling, 
and consequent reduction in pressure of the 
stoam entering the cylinder, occurs when tho 
port luis just boon opened by the slide vnlvo 
and also when the valve lias almost closed 
the port. In the cycle of ovonls tho opening 
of tlio port to admit steam to tho cylinder is 
termed " admission ” ; tho closing of tlio port 
is termed " out-ofY." Tho opening of the port 
to allow tlio used steam to leave the engine 
cylinder is termed “ rclcuso ”; the closing of tlio 
port against the pnssngo of the exhaust steam is 
called “ compression,” because a small amount 
of steam is trapped in the engine cylinder 
botwcon tlio moving piston and the fixed 
cylinder cover. The admission of steam when, 
say, about 90 to 95 per cent of tlio previous 
stroke 1ms been accomplished aids in bringing 
tho moving parts of tlio engine to rest ready 
for tho now stroke. The amount by which the 
slide vnlvo is open to steam when the piston 
ib at tlio commencement of a stroko is called 
the “ lead ” of the vnlvo. The leads for both 
ends of the valve nro not necessarily equal. 
In vertical engines the lend for tho stroke in 
which tho reciprocating mass is lifted against 
gravity is usually greater than for the reverse 
stroko. The load of a slide valve is dependent 
upon tho angular position of the eccentric 
sheavo in relation to the engine crank. Lead 
is necessary in order that admission may take 
placo before tlio commencement of a now 
power stroke. 



at (<;) tho full strength of tho shaft is main- 
tiuiinil. To prevent longitudinal motion of tlio 
octtcmlnu strap, llanges or their equivalent arc 
provided on the oeuentriu sheave. Fig. 7 
nil own an eccentric sheave with its strap and 
notion trie rod suitable for a high-power marine 
onjgiuo. The eccentric sheave is driven by a 
lu\v lilted partly into the crank shaft and 
partly into the sheave. The sheave is made 
of limit iron and revolves within a white-metal 
boartng seemed to the eccontrio strap. Tho 



mild-steel eceonlrio red is provided with 
limnni bearings for the pin connection. 

Whilst tho throw of tho ocoontrio must bo 
amoii us to give the necessary amount of ro- 
ui primal ion to the slide vnlvo which it drives, 
l.hi) angular position of the shoavo relative 
fcu the engine crank must bo such that the 
valve functions at tho corroofc times. In 
niont engines it is highly desirable to admit 
Hhnun only during a portion of tho stroke 
of tho piston rather than during tho wliolo 
,>f tlm stroko. This can readily bo effected by 
inn rousing tlm thickness of tho end walls of 
tlio elementary metal box or slido valve, t.e. 
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(v.) Cylinder .—The cylinder, including the 
valve chest with steam passages, and often one 
of the cylinder covers, forms one casting. A 
high-quality cast iron is used to withstand tlio 
wearing notion of the reciprocating piston and 
valve. The piston packing usually consists of 
spring rings, i.e.. rings turned a litllo larger than 
the cylinder Imre and sultioiently cut out to 
allow the rings to close to a Httlo loss than the 
cylinder bore. The tendenoy to open out to 
their original diameter produces pressure on 
the hero of the cylinder and forms a moving 
steam-tight joint. To lubricate tho piston a 
sight-feed displacement lubricator is provided 
to pass a small amount of mineral oil per 
revolution into the engine oylindor. Necessary 
bosses for drain and other connections, and 
flanges to which tlio steam and exhaust con¬ 
nections may ho made, am integral with tho 
cylinder casting. A steam “ stop vnlvo ” must 
he provided adjoining the engine. Tf tho steam 
he not superheated it is well to lit a “ separ¬ 
ator ” to tlio steam main close to tho ongino. 
Tho Hoparalor, cither by sotting tho steam in 
rotation or by means of balTlo plates, removes 
a largo porconlugo of tho entrained water duo 
to condensation in the steam mains or to other 
causes. Tho drainngo of tho valve chest and 
the ongino oylindor should lie accomplished by 
leading pipes to a “ steam trap," i.e. an 
automatiu dovico which whilst allowing wator 
to eseajio will not ponnit steam to pass. On 
small engines in particular the drainage pro¬ 
vision Ih frequently very erudo and wasteful. 

Evory precaution should ho taken to prevent 
radiation loss by adequately covering with 
asbestos or other non-condacting material all 
parts subjected to high temperature. Jfor 
appearance the non-uondnoting mnterial used 
on engine cylinders is often covered with thin 
planished steel ; on steam and exhaust mains 
canvas ia frequently used to give a substantia! 
yet neat finish. Tho monetary loss duo to 
radiation from inadequately clothed hot sur¬ 
faces is considerable and continues so long as 
tho plant is running. 

Tho steam load noting on the moving ongino 
piston at any-instant also acts upon tlio iixed 
cylinder cover, These two loads, being action 
and ronoMon, are of equal magnitude. If tho 
oylindor bo not integral with tho ongino frnmo 
it is scoured by bolts thereto. Tho frame also 
oaridos thoguido surfaces for tho cross-head shoe, 
and tho orank-shaft bearings. Considerable 
stiffness of tho frnmo is necessary to eontond 
with tlio rapidly iiltoring loads. Even at tho 
comparatively slow speed of (50revolutions per 
minute tho loads change twico por second. 
T ' invior loads than those duo to steam thrust, 
• -'.--1 upon tho frnmo. In 

l 'iy. 2 it is not 
■’•'ting masses 
’g of," §(6). 


even if the revolving weights ho balanced, 
which in many engines is not done, so 
that vibratory forces are set up as soon as 
the engine runs. These forces arc quito in- 
dependent of the work being done by the 
engine. If the engine docs no work, but is 
motored round by some external agent, the 
forces still net. Tho forces are dependent 
upon tho weights and velocities of the moving 
parts. Vibration ensues oven though the 
engine bo anchored to a heavy brickwork or 
concrete foundation. Tho desirability of de¬ 
signing tho moving parts so that‘they shall he 
of a minimum weight consistent with necessary 
strength is apparent. Multi-crank engines can 
bo designed so that tho oollcotivo effect of tho 
sojiarato moving parts is to balance. 

(vi.) ThcOovcrnor .—If the load against which 
the engine is working he suddenly removed, the 
speed of the ongino will increase, To prevent 
undue increase in speed a revolution regulator 
or “ governor ” is provided. The notion of tlio 
governor is duo to centrifugal forco, When 
the speed increases, certain weights driven by 
the ongino itself change position and, by re¬ 
ducing or modifying tho steam supply, bring 
about a reduction of tho speed of the ongino 
to tho normal. Tho function of the flywheel 
is to act ns an energy store and regulator; 
the function of the governor is to regulate tho 
number of revolutions made per minuto by 
tho ongino. 

Fig. 8 shows a typical form of govomor. 
Tlio vertical spindle S is driven by gearing 



from tho ongino shaft. Two arms terminating 
in balls 31 arc pivoted to tho upper end of 
tho vortical spindle. To each arm is pin- 
jointed a link L. The lower end of each of 
tho two links is pin-jointed to a sleeve A which 
is free to slide on tho vortical spindle. 'L’lio 
vortical position of tho slcovo depends upon 
tho position of tho governor halls, which in 
turn depends upon the speed of rotation of 
the vortical spindlo and thoroforo upon that 
of tlio engine shaft. Tho position of tiio 
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h1oov«s clotormiuca the quality nr the quantity 
f'Ko stoiini supplied to the engine cylinder. 

'T'Hoi-o two two distinct methods by which 
tho ^_r<j vornni' may control the engine revolu¬ 
tion h. Through such lovers anti links as arc 
noc:owpj| X] -y tho governor may either operate a 
throt,tit; valve or it may alter the point of 
cut-off in tho engine cylinder. Tho position 
of tho vnlvo. of tho throttle valve dotcr- 
uiinc?s« tho quantity of steam passing to the 
onfpixo valve chest. If tho quantity pass¬ 
ing flvi-ongh tlio throttle valve ho eurtailcd, 
ox jnvti sinn ooours (without any work being 
dimes> immediately tho steam passes through 
tho vnlvo ami before entry into the cylinder. 
By L-li rotlling, therefore, the initial pressure of 


through the perforations and therefore throt¬ 
tling of the steam. The governors for small 
throttle valves are usually belt driven, hut as 
the belt drive is not a positive drive it is net 
suited for a close control of the engine speed. 
A safety device is somctincs provided to pre¬ 
vent excessive engine speed in case of break- 
ago of tho governor belt. The steam main is 
connected to tho (tango 12; flange F is connected 
to the cylinder valve chest. The arrows in¬ 
dicate the direction of flow of the steam when 
tho stop valve is open. The governor base 
piece tits into the machined portion marked G. 
Tho combined stop and throttle valve complete 
with a pendulum governor are shown in position 
on tho engine, Fig. 2, at Z and Git respectively. 



tlm h Leu in entering the oylindor depends upon 
tlui inij'im) speed. In the alternative method 
tiho ffovornoi’ may he arranged to alter oitlior 
or l»i)th tho valve travel and tho angular 
pimi l ion of the eccentric sheave whilst the? i 
onq* ii io in running. 'The initial pressuro of tho 
HtitJkin mitering tho engine oylindor is con¬ 
stant; but tho quantity admitted por stroke 
in variable and depends upon tho engine 
HpeOtl. 

'Tho Mirottling method of eontrol iH common 
fin 1 oiigiiios developing no great powor. A 
sim | >lo throttle valve eomhinod with a steam 
stop valve arranged within Oho ono easing is 
shown by /''<(/. 11. One ond of tho link L is 
oonuodoil to tho sloovo of a centrifugal 
guviii’iior, and tho other ond to tho lover A for 
rotahiug a oylindrlcal tluottlo valve, lho 
noHitiim of tlio governor halls and sloovo as 
bof« ire depends upon lho speed of tho engine. 
Any vortical displacement of tho sloovo is 
no ns numioatod by tlio link to tho lover and 
prodiiucm slight rotary movomont of tho 
thro tlio valvo B within its easing C. As tho 
porfc > rat Ions of tho throttle valvo and tlio 
thro tlio valvo casing aro coincident at normal 
spocd engine, sliglit rotation of tho tluottlo 
vnlvo moans reduotion in available area 


Fig. 10 shows a shaft governor arranged to 
alter tho angular setting of the eccentric 
sboavo and so control tho cut-off. The gear 
is synunotrioal in outline. Pivoted at P to 
a wheel mounted on tho engine crank shaft 
is a pendulum weight and arm W. Between 



If 1(3. 10. 


tho pivot and tho weight is att 
S. Tho other ond of tho spr 
to tho wheel. The cecontric 
integral with a plate bored an 
crank shaft so that rotation % 

may readily be accomplished'. - -. 

link L is scoured to the pinto and the pendulum 
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weight arm by pins. On tho engine revolt! - 
tiiuiH increasing beyond the normal, the 
weights nmler oonfrifugnl nut-ion move out¬ 
wards despite the resistance oft'ered by the 
springs, and by means of tho links sliglit 
rotation of the ccecnbriu sheave ensues, An 
adaptation of this governor permits of simul¬ 
taneous variation of tho angular position and 
of the throw of tho ecoentrio sheave. 

(.Jovoming by ultoring tho out-off is some¬ 
times performed by tho gear shown in Fig. 11. 
Pivoted at 1* to tho governor stnnd is a 
slotted link ML, to whioh is attnohed by a 
pin tho oceontrio rod Ell. Tho nngHlnr 
position and throw of the oceontrio is in¬ 
variable. The end of the vnlvo rod VII 


i 



terminates in a pivoted bloek If capable of 
sliding within Urn slot of the' link. The 
[over L is fulorumod at A to the governor 
stand, 'Being uttuohod to tho governor slcovo 
at 0, its angular displacement depends upon 
the speed of tho governor. At 1) a supporting 
rod It is jointed to the other end of the 
lover I* Tho lower end of 3.1 is attached to 
the valve rod by a pin and carries tho weight 
of the valve rod end. Tho angular displace¬ 
ment of tho slotted link does not dopond 
upon tins speed of the engine ; tho longitudinal 
travel of the slide valvo depends upon tho 
,,, i. <<.. -«-■ *’d link, 

deter* 
o, tho 
-on. 

,—-"YOU 

of 


rotation of an engine is the Stephenson Link 
Motion Reverse Gear, Fit/. 12 illustrates 
this gear. Two eccentric sheaves keyed to 
tho ongiue crank shaft are used, ono being 
for ahead running and tho other for run¬ 
ning in the roverse direction. Tho eccentric 
rods ICR arc coupled to opposite ends of a 
slotted link H. A block B capable of sliding 
within tho slot is pin-jointed to tho valvo 
spindlo end VS, Tho slotted link is placed 
in any desired position with respect to the 
block by means of tho [mil rods R and tho 
reversing shaft and lover L. The requisite 
motion for tho reversing shaft may ho provided 
by a sorow or other convenient form of control. 
When tho block is immediately in front of 
tho ono eccentric rod connection, tho valve 
travel is duo to that olio cocon L ie sheave; 
and when placed immediately in front of tho 
other eccentric rod connection the valvo 
travel is due to tho reverse direction eccentric 
sheave, and the engine runs in the reverse 



direction. At any intermediate position tho 
valvo travel is duo to tho sum of tho effective 
motions of tho two eccentrics. In addition 
to permitting of rovorsing, this gear allows of 
“ linking up,” i.e. altering tho cut-off (whilst 
tho ongino is running) to copo with tho condi¬ 
tions under which the engine is working. 
Tho Allan and Gooch Link Motions, modifica¬ 
tions of tho Stephenson, aro not very fre¬ 
quently used ; other gears, requiring hut ono 
eccentric sheave, or perhaps none, aro some¬ 
times employed. 

(viii.) Clearance .—Tho limit of the piston’s 
stroko is somo small distanco from the cylinder 
cover nearest tho piston. This small dimen¬ 
sion, ranging from about ono-quartor inoh for 
small pistons to one inch for pistonsono hundred 
or more inches in diameter, is called tho “ clear¬ 
ance,” nr tho “ mechanical clearance,” of tho 
piston. Clearance allows for slight irregularities 
in manufacture of tho various parts of tho 
ongino ns well as for subsequent slight varia¬ 
tions in tho relative positions of the various 
parts duo to wear and readjustment, and tem¬ 
perature changes. Tho “ clearance volume” is 
tho volume duo to the mechanical elearanco 
plus tho volume of tho steam passage or 
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jMtSHiij'OB in association with that particular 
orul of tlio engine cylinder. The working 
Volin no of the cylinder is the volume swept per 
ntrokti I >y (lie piston, i.c. the cross-sectional 
aren of the cylinder multiplied hy the stroke 
'if tho pinion. The clearance volume is 
umially Hnmmvhcre between 7 and 1.7 per cent 
of tin! working volume. 

(ix.) )Yorkin<J .—if steam ho used 

ox |»nnnivoly, i.c. if the cut-off bo at Home 
fraction of the stroke instead of at the com¬ 
pletion of the stroke, the terminal volinno 
of tlio steam is larger than the volume of 
Gin Ht.onni admitted, and correspondingly the 
Uirmiiml pressure of the steam is lower than 
Llio initial admission pressure. The actual 
volnnm of steam expanding in the engine 
oylinilor is the volume admitted plus the 
volumci of the residual steam in the clearance 
opium, and the “ actual ratio of expansion ” 
in tlio volume swept hy the piston — tlio 
working; volume—-plus the elenrnneo volume, 
divided by (ho expanding volume at the 
point of cut-nil'. From tlio point of out-off 
to Uni completion of the stroko the volume 
of thn expanding steam gradually increases 
whilnt onmwpondingly the pressure falls, Tlio 
proHKiiro of the steam leaving the cylinder 
in ummlly at iv few pounds por square 
3 noli holmv the terminal pressure duo to 
expaiSHiim. 

By using steam expansively a greater 
amount, of work is performed per pound of 
Htcunn lined than if the steam were admitted 
during the wliolo of the stroke. If a diagram 
I hi drawn giving tlio pressure of the steam 
at. any instant during the stroke of the piston, 
tlio uYun of the diagram represents to some 
snnlo tho work done per stroke of tlio piston: 
Hindi n diagram may he obtained from tlio 
luiLual engine cylinder by means of an 
“ iiuliontor,” and the diagram is called an 
“ iiuliuutoi' diagram.” if the indicator and 
Min gear for driving the indicator ho in good 
condition mill well designed, the resulting 
indicator diagrums faithfully record the oon- 
dilioim existing within the engine oylindcr. 
Mutility in steam-engine design has not been 
rcuiolunl, mid the constant endeavour of 
lUmignorH in to increase the output por unit 
of working volume of the oylindor, Assum¬ 
ing Min length of the engine stroke and the 
diiumitor nf the engine oylindor to bo fixed, 
nil e l hil Ivirated steam to bo used, any inoroaso 
in output must be dun to somo change 
ruHulting in an inereaso of the area of tlio 
imlioabor diagram or an inereaso of the 
mnnhor of revolutions per minuto. Should 
incuuaao of the latter be not allowable, for 
ineroHHCicl output tlio urea of tho indioator 
diagram must ho inoroasod, and this can bo 
tuiuomiiliahod (if the out-off remain unaltered) 
by iiiaronsitig tlio initial pressure and lowering 


the back pressure. The lowering of the ex¬ 
haust pressure is accomplished by causing the 
engine to exhaust into u vacuum. It must 
he remembered that to provide plant to 
create a vacuum is initially costly mid also 
expensive in upkeep. Increasing the initial 
pressure introduces operating troubles in¬ 
separable from the use of high - pressure 
steam. 

§ (!)) Compound E no inks. —To use steam 
as efficiently ns possible the heat content of 
the steam at entry to the engine cylinder 
must ho high, and at the exit from tho 
cylinder it must he low. The initial pressure 
therefore being high, since it is desired that 
the exhaust and terminal pressures should 
ho nearly equal, tho ratio of expansion is 
high. In a single - cylinder engine of usual 
design tlio early cut-off thus necessitated is 
very undesirable, but if tho same ratio of 
expansion he performed by steps or stages in 
two or more cylinders many of tho objections 
disappear. Such step or stage expansion is 
termed “ compounding.” Tho first step is 
performed in a “ liigh-pressuro oylindor,” and 
the last stop in a “ low-pressure cylinder.” If 
the engine bo a two-stago engine it is called 
a " compound engine ” ; if three stages are 
used tho engine is called a “ triple expansion 
ongino ” anil the intermediate stage is per¬ 
formed in an “ intermediate pressure cylin¬ 
der ” ; if four stages arts used the ongino 
is called a “ quadruple expansion engine” 
and tho intermediate stages are performed 
in “ first intoriuodiato pressure ” and “ second 
intormedinto pressure ” cylinders respectively. 
Sometimes it is considered .advantageous to 
perform tho work of tho high-pressure cylinder 
(or perhaps the low-pressure cylinder) in two 
cylinders. In marine service four • cylinder 
triplo expansion engines are not uncommon. 
In such engines there aro two low-pressure 
cylinders collectively doing tho work which 
ordinarily one low-pressure cylinder would do 
in the more common three-cylinder engine. 
Compound locomotives sometimes have two 
high - pressure cylinders oxhausting into one 
low-pressure cylinder, and although there aro 
three cylinders the engine is not a triplo 
expansion but a three - cylinder compound 
locomotive. Somotiuies the cylinders arc 
arranged “ tandem,” i.c. tho piston rod of one 
cylinder ib directly connected to the piston 
of tho adjoining cylinder, so that only one 
crank and connecting rod is required for tlio 
two pistons and piston rods. The ^ ordinary 
single-cylinder engine is called a “ simple 
ongino, arid if two such engines are arranged 
on tho somo frame and drive a common shaft 
tho arrangement is said to bo “ twin simple 
engines ” or a " twin engine.” 

§ (4) The Condenser. — In compound, 
triple, and quadruple expansion engines 
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tin) terminal pressure in (ho low-pressure 
cylinder is usually botwcon six inul four 
pounds (tor Hi|iinro inch absolute. A hnvcr 
pieSHiim (hail this is not usually desired 
because of l.l)o increase in si'/o of the low- 
pressure cylinder iluo to the rapid inercaso 
in void mo of the steam ut the higher vneuiun. 
The steam is condensed in a “ condenser,” 
(in*.! tlu» pressure in tho eimdonacr is slightly 
Iohh Hum in the engine cylinder. The typo 
of eontlmiHor uhoiI in determined largely by 
tlio amount of wiitor available for condensing 
the steam. In marine service, whoro thero 
is unlimited water to bo had, the surfaco 
condemnor naturally is used. In essoneo, tho 
surfaco condensor oonsists of a battery of 
small-bore tidies, usually about three-quarters 
of mi inch in boro, arranged within n easing 
so that on one aide of each tube the oxhaust 
steam eireulates whilst tho cooling water 
passes on tho other side. Tlio eondenaing 
water and tho condensed steam are thus 
kept sojiamto and distinct from one another. 
For land service whore tlio amount of water 
for condonmitinn of the exhaust steam is 
strictly limited, mi evaporative form of 
surfaco condenser is womotimes used, In this 
condenser the steam is condensed within tho 
lubes by a small quantity of water (lowing 
across their exterior surfaces. In tho olass 
of oondonscr commonly used for land purposes 
tho Htomn nnd eondonsing water ininglo, and 
tlio condenser iH called n "jet condenser." 
There jj.ro two distinct variolics of jot 
condonsors—tho “ parallel flow” and tho 
“ counter flow." In tho parallel How tlio 
steam and tho condensing water both enter 
at the hii mo end of the oondonsor, whilst in 
the umiliter (low the steam outers at tlio 
bottom and tho condensing water at the top 
of the condoiiHor. Tho conn tor flow is tho tnoro 
cIHuient of the two arrangements. 

Tho air leakage past tho gland whoro tho 
low - prtMMiN) pinion rod outers its oylindor 
is considerable, and, lugethor with tlio air 
passed ovor from tho boiler with tlio steam, 
necessitates tho continual use of an " air- 
pump ” in order that, a vacuum may he 
obtained and maintained. Gonorally, in addi¬ 
tion to removing the air from the condenser 
tho air-pump removes tho water of condensa¬ 
tion [mm tho surfaco condenser, or tho water 
of condensation plus tho injection water from 
the jot condenser. Usually tlio air-pump is 
driven through tho medium of levers and links 
from tho engino emus - head or piston rod. 
In hnrisumtal engines tlio condenser (with its 
pumps) is generally arranged under tho engino 
in order that tho exhaust pipe may bo of 
' * »iin» IntirtMi. Trfing OxllttUBt pipOH MO. 

’or tlio same 

• 1 ongines (so 
intod on tho 


engine framework ns close as possible li> the 
low-pressure cylinder. Tlio condensing water 
is circulated by a “ circulating pump ” some¬ 
times driven by tlio engine or sometimes in¬ 
dependently. 

§ (5) Valves. —With tho simple I) slide valve 
of Figs. 4 and i), independent control of the 
cyclo of events is not possible. Should tho valve 
be sot to give an early cut-off, an early rolcaso 
and compression also occur. To permit the 
timing of tho admission portion of tho cycle 
to bo altered without affecting tho timing 
of the oxliaust lias been tho object of many 
schemes. Tho arrangement shown in Fig. 13, 
called tho “ Moyer expansion valve," has 
boon much used to this ond. Two comploto 
sets of eccentrics with rods and valvo spindles 
nro necessary. The main valve is driven by 
its spindle D and reciprocates in tho usual 
manner ovor tho three passages of the cylindor 
vnlvo face. The main valve is in essence n 
simplo slido valve with the addition at caoli 



Fig. 18. 


end of a stoam port S. As in the simplo slido 
vnlvo tho steam lap is tho amount L, Tho 
lap L controls tho passngo leading to tlio loft 
ond of tho engino oylindor, but tho separately 
reciprocated expansion vnlvo A controls tho 
steam supply to tlio corresponding main valvo 
port. Hence the steam supply to tho engino 
cylindor is dotonnined by A and B, and tho 
exhaust from tlio oylindor is determined by tho 
main valvo exhaust odges F and G. Varying 
tlio out-off whilst tho engino is running is 
readily achieved by providing right- and left- 
hand Borow threads on tlio valve spindlo (.!, 
and arranging that C may ho rotated slightly 
without alfcoting its reciprocation. Partial 
rotation of C oithor closes or separates somo- 
wliat tlio parts A nnd B, and therefore alters 
tho period of opening of tho ports S to steam. 
Tho sorow threads are of tho same pitch, i.c. 
rotation of 0 produces equal longitudinal 
movement of A and B, but in opposite 
directions. 

It is common praotice in largo stationary 
engine design to discard tho slide valvo and 
substitute in its place four valves, two valves 
for controlling tho steam supply to tho 
oylindor and two valves for regulating tho 
exhaust from tho cylinder. A great advantage 
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of Huctli UJ1 amuigomont lies in thn curtailing 
of tlio waste clearance volume fine lo long 
nl.omn pannages. Whether the four valves 
arc) arr^\i\go(l in tlio cylinder envoi's or in the 
uyliiuloi: barrel itself, the length of the pass¬ 
age from (lie valves to the cylinder barrel is 
abort, in horizontal ongines it is usual to 
plneo tljr? steam valves on the top and the 
oxluiuat, valves underneath the cylinder Imrrel. 
If nuiMcmablo earn is taken in the design of 
l.heso vilives, vory ofiicienb drainage for any 
aleum comlonsed within the cylinder and its 
pussagossi in pimniblc. It is preferuhlc to nso 
valves for the high- and low-tonipora- 
turo Hteam rather than one valve for alternat¬ 
ing torn iioratureH. For tho four-valve scheme 
two fliHtinet forms of valves and gears havo 
boon do vised, and each lias given its name to 
rooipivMinting engines using that special form. 
EngineH litted with rooking valves are named 
lifter t lio originator of such valves in their 
applies**. Mon to steam engines, and are called 
'• Gorlina ongines,” Enginos employing the 



otluH 1 form are known as “ Drop - valve 
ongiiu*« ” ljeoftuso a drop valve is used, 

(i.) Co ri m VitUc.s. — A typical cylinder 
1mmil with covers for a Corliss engine ib 
shown in Fig. 14. Part of this figure is in 
longitudinal section and part in oulsido view. 
Tho cdnaunoKS of the valves to tho working 
volumti of tho cylinder is vory marked. 
At A tlio Hteam enters a stoam bolt run¬ 
ning longitudinally above the cylinder barrel. 
This luill terminates at each end in a casing 
It non(.nining the aleum valve for that ond of 
the cylinder. 'Tho exhaust valves are arrangod 
to ivork within similar-shaped casings 0, and 
Mm two exhaust casings am connected by a 
longitudinal belt imdornoatli the cylinder. 
Tho oxhmist pipe is connected to a suitable 
fnein/JC -I) on the exhaust holt. At E drainago 
pitiviHinn is nmdo, Cross - sections of tho 
vnlvnH nro shown in Fig. 1R, The steam 
vulvo nt the point of lulmission is shown at 
{«), mul full open to steam at (6). Tlio exhaust 
vatvo in shown at point of rolonso at (c), 
mul full open to exhaust at (</). Tho valvo 
unhid lo attached to each of tho valves protrudes 
through n utoam-tighb atnlTuig-hex with gland, 


and is fitted with a lever, as shown dotted in 
the four sketches. 

Each of the two sets of rocking valves is 
worked by an eccentric. This permits of ready 
variation in both steam and exhaust cycles. 
In one arrangement of the valve gear the ex¬ 
haust valve lovers are connected by links to n 
circular plate mounted on a spindle fixed to 
tho cylinder about midway between the valves. 
Tho exhaust eccentric rod is also coupled to 
this circular plate and gives to it a vibra¬ 
tory motion which is transmitted through 
tho connecting links to the rocking exhaust 
valves. For tho steam valves a similar plate 
is used, and the eccentric for the steam valves 
is coupled to the plate to provide the desired 
motion. The steam valves work under the 
joint influence of the steam valve eccentric 



and a governor. Tho mechanism is com- 
plicated, and is such that tho cut-off is always 
rapid. Governing is by variation in cut-off. 
Largo vortical engines have been constructed 
in addition to the more common horizontal 
pattern for driving mills, factories, electric, 
light plant, otc„ and have proved successful 
in normal working. Given that the design 
is satisfactory, sweet and efficient running of 
tho Corliss engine depends upon the care with 
which tho numerous adjustments are inado 
and maintained. If not given adequate atten¬ 
tion tlio working is noisy. 

(ii.) Drop Valves. — Tho valves and valve 
operating mechanism of tlio drop-valve form 
of engine differ in principle from those already 
dosoribed. To allow steam to pass, the valves 
arc raised bodily from their seats, closing 
being ofTcctcd by dropping tho valves on to 
their soats. Four valves are required per 
cylinder—two steam and two exhaust valves. 
Tho operation of those four valves is through 
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Ihi' agency of a “ lay shaft." Tho axes of 
I lie. lay shaft and 1 ho engine cylinder are 
|inn!Ucl, mill Hie Jiiy mIui fl- extends almost Lliu 
whole length "I (ho engine. The motion of 
the lay shall in min of rotation, and tlm H|>ml 
ol’ mini inn ia usually tlm iiiunn »m that of tills 
nni'iim crank Hlmfl. An Ilia lay shaft in 
inningoiI ill. right angles to tins oruiik Hlmfl, 
ml a I inn ia li imanndml either l»y hovel wheels 
or skmv gearing. 

Tlio enitimonest form of lift valve is Unit 
nliown at |), Fii/. II. The him faro of tins valve* 
md.nally in font not will) tins valve mint when 
tlm vnlvo in oIuhocI in imnill, in uiilor to nli- 
tnill siloniii-lii'liliicsiH. The angle of tlio vnlvo 

seat in -Ifi 0 . If 
tho pressures 
almvn ami lio- 
loiv (ho vnlvo 
whim tlm vnlvo 
in closed ii m 
n hL (squill , 
Homo form of 
gear in required 
cither to hoop 
tho vnlvo in 
piHitioii or to 
upon tho vnlvo 
when desired. 
In Fiff. H u 
Moimvod spindle 
S in provided 
for both pur¬ 
poses. Tho mi- 
balnncnilstoam 
loud on tins 
vnlvo may ho, 
and in fanl 
iiniinlly in, coll- 
nidomhle. I'W 
litinin purposes 
tins lank of 
lllllllllCO of Hill'll 
in, iileuin IoiuIh in 

not of great 

moment, hut in vhIvcm eotilrollhig Mu' Hlemn 
dii'lnlnilioii of mi eiiglnn making perlmps ‘•Id** 
mvolntloiiH per inimifo miy nnnsh tumble liml* of 
liidance la prohibitive, since Mu* operating genr 
would bo mdijoeled lo imncucasniJI.v large loads. 
Tlm balanced don bin-sealed vnlvo of FUj. HI 
llim liooii designed to ovoreonus llieuo npomtiug 
dillleulticN. Tins Monfii nve nt I) Ulld K, utul 
till' vnlvo In uliowii full open. 'I'lus no vise 
niat|1 1 ill}!; ill position (lie vnlvo cage tljao curries 
• the pour for imparling the requisite motions 
In Mm vnlvo nt 1 lm eorml. intervals. Tins 
iiofiriioHii of tins vnlvo lo Mm cylinder boro A 
mill (his cylinder oover U in nnlir.iHiblc, mill 

.(■■ '•■I. ■•inTOHpoiulinjily 

.rivieiiee.il in 
r I ile- 
1 .lo 



tins design Hlimm havo been introiliiced, but 
tho balancing of tins Htcnm leads is id ways 
ke.pfc in view. Ah in tho Corliss (supine, Htcnm 
In the vnlvo c.oiiics by way of a longitudinal 
belt It. In nn engine running at 180 revolu¬ 
tions ]H>r minute tins period for steam admin- 
nion, if the eut-olT bn at one-quarter stroke, is 
olio twenty-fourth of a second. During thin 
short interval (Jus valve must both open and 
close. A positive mcclmnisin is imperative, 
therefore, for operating the valves. Usually 
tlm valves are pressed open by Home form of 
earn gear and’ forcibly closed by a strong 
spring. The operating forces are clearly iii 
tins nnturn of n hammer blow and the gear 
might readily las described ns percussive. 
Tins necessity for the elimination ns far as 
possible of nil imbalanced loads is clear. If 
tho design of tlm gear is not theoretically 
sound no amount of care and attention by 
ongine attendants can prevent noisy working, 
Hovoro wear and tear, and unreliability in ser¬ 
vice. The hummer blow of tho closing valve 
is softened considerably by trapping air under 
this piston I' working within the spring cylinder 
(1, Sometimes oil in used instead of air. Tho 
amount of cushioning elTcet may readily lie 
control led by u sinall valve not shown in the 
illustration. The end of the lever for pressing 
open tins vnlvo is lettered b. Tins valve gear 
is not shown. An cveentrin complete with 
its strap and rod is necessary for operating 
endi valve. The four eeeontrill sheaves are 
mounted on the lay shaft, (inverning is 
accomplished liy varying the point, of out-olf. 
Kjl.lier a shaft governor or the more common 
pendulum governor may lie used for control¬ 
ling tho admission period, ',1'lus ox)inm:t 
valves are not governor - controlled. '.I’lus 
remainder of I lie engine presents no unusual 
features other than (lint tlm uranic and con¬ 
necting rod arc enclosed and Unit lubrication 
(if tills bearings is forced instead of tlm custom¬ 
ary oil • box and cotton-wick method being 
used. The oil in this simple common method 
is transferred from tho oil-box to I lie bearing 
by capillary action. (Irooves cut in tlm hear¬ 
ing allow this oil to conic into onnlnot with 
(lie journal within tlm hearing. 

Home manufacturers prefer to substitute 
gridiron slide valves for the exhaust drop 
valves. KsHisnliully a gridiron slide valve 
is a metal plate perforated with perhaps 
three slots. This plate slides upon a vnlvo 
face perforated with similar slots, tlms allowing 
communication with tlm exhaust to be cslnli- 
lisliod when desired. Hy tlm use of several 
slots a considerable opening to exhaust is 
possible with Imt a short valve travel. Tho 
gridiron valves arc driven by eccentrics from 
the lay shaft, mm valve being provided at 
each end of tlm engine cylinder. With this 
arrangement also tlio waste oloarnuoo volitino 
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in Hinal] ami tho cylinder drainage is auto¬ 
matic 

S (<1) Una - flow Kn(iink. — The general 
Jipptmnvnoo of the drop-valve engine is not 
very clmminilar to Unit of the una-flow engine i 
illustrated by Fig. 17. Tins cylinder of the 



Kin. 1 7. - Unn-llmv I'liii’hii*. I)i aigiied niul Imllt. by 
Messrs. Itnliey A to., Mil., I.incnlu, I0ii»lnml. 

ii till-flow engine in almost twice the length of 
the cylinder of the corresponding drop.valve 
origino. 

I n Mio engines ho far described, oaoli ond of 
file cylinder in allemuloly 
lioiitcul li.v incoming Hloain 
itiid oik iled liy outgoing 
atenm. The four-valve 
iiehemo is prcferuhle to 
the I) elide valve in I-Iuh 
r(’H|K>(it. A further modi- 
(ieiitinn of the four-valve 
iimiii««nient i.s to elimi- 
mile the mechanically 
opemled oxhaunt valve 
mid ho make the cylinder 
Hint the Hloain How in 
nUvnyw in one direotiou. 

UeoniiHo of the iiteiun How 
being; always in the one 
direction Hindi engines are 
culled “ ima-llmv " (.some- 
Union “ uni-llew”) engines, 

The jjjcsiif-ral appearance of 
a ima-llow engine is illus¬ 
trated in Fig. 17. The 
engine 1 h a Hingle-oytinder engine of about 
100 liorse-power at about 180 rovolutiona per 
minute, Nearly all the working parts are 
completely enclosed. Steam admission is con¬ 
trol led by drop valves worked by oocentrics 
from a lay abaft, us in tins drop-vnivo engine. 
Tbo drop valves are arranged in the cylinder 
oovorfi, ns may bo hooii from Fig. 18. Tbo 


waste clearance volume is very smalt, and the 
total clearance volume is aliout 2 per cent 
of (lie working volume. There are no exhaust 
valves in the usual sense of the expression. 
J.hc cylinder barrel and piston are unusually 
long. The length of the piston is about HO 
per cent of the length of (he piston stroke. At 
tho contra of length of the cylinder barrel 
is ail exhaust belt. Access to this belt from 
the cylinder barrel is obtained through a 
number of slots cut in the circumference of 
the cylinder barrel. The length of each of 
these slots is about 10 per cent of the length 
• of tho piston stroke. 

In a single-cylinder una-flow engine tho 
i ratio of expansion is ns high as in a quadruple 
| expansion engine. Consequently the cut-nlf 
| is very early, being rarely later than one- 
tenth of the stroke. When the piston has 
nearly reached the end of its stroke it uncovers 
tho exhaust slots and allows an almost un¬ 
restricted escape for the used steam. On 
completing about 10 per cent of the reverses 
stroke tho piston closes the exhaust slots and 
Hiich steam ns is trapped is compressed. 

] Compression continues until the end of the 
j stroke is nearly reached and the admission 
| valve is ready to open again. Tho compression 
period is very long and the maximum com¬ 
pression pressure correspondingly very high. 
Tho indicator diagram obtained from tlio 
una-flow engine cylinder is strikingly different 
from that usually associated with steam- 


ongino practico. In tho normal design of 
una-flow engine a high vacuum is necessary 
to provont excessive compression pressure. 
A jot condenser is usually provided and is 
placed immediately under the engine cylinder. 
The exhaust slots are so largo in area ns to 
offer practically a negligible resistance to tho 
exhaust steam, and the vacuum in tho engino 



Fid. 18. 
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ciy lint I or in priietienlly that in the condonsor. 

To provide against danuigu due to excessive 
li.'io in (iDiupivsaion pressure, should there lie 
lonkngo past the utliniHsimi valve or a fall 
in viieumu, spring - loaded relief valves arc 
provided. .Provision is made for running tho 
engine temporarily mm-onndensing by throw¬ 
ing into eom mi munition with tho boro of tho 
cylinder an additional olunmnco spaco in oneh 
cylinder envoi*. These additional clcarnnco 
cpuoeH are controlled liy valves. 

Superheated steam is generally used for nna- 
lltvw engines. Til© piston under the action 
of high temperature needs lubrication. A 
mechanical sight-feed lubricator is provided 
for tho purp<iso. Lubrication of tho main 
bearings, oonneoling rod, and cross-head is 
forced, the oil hoing 'circulated by an oil pump 
driven by the engine itself. 

In /<’i>. 17 n large cylindrical casing around 
a portion of the lay shaft and almost touching 
the front ouecutric will bo noticed. This 
easing onoloHOS a shaft governor eapahlo of 
line speed regulation. It moves the eccentrics 
mid ho varies tlm out-olf to suit tho load on 
tho engine. Tho Imndwhccl at tho oxtromo 
end of the lay Hlinft is for speed adjustment 
hy altering the governor conditions whilst 
the engine is in motion. 

Uniformity of turning momont is usually 
a requisite in engineering practice. As has 
been shown h y Fry. 3, a single-cylinder ongino 
gives a maximum cyclical variation and rango. 
The flywheel therefore must bo much heavier 
than would he neuoHHlvry for a lmilliorank 
engine developing in the nggregato tho samo 
power us the single-cylinder ongino. Although 
the Ilywheel of the iinu-lh.w Hinglo-oylindor 
engine £n extraordinarily heavy, the imn-flow 
engine in cheaper to build and oporato than 
tlm niiilMuylindor engine. Una-ilmv singlo- 
oylinder engines have I men used for driving 
ultemiilors dircet-uoupleil to tho ongino ornnk 
Him ft to run in parallel w.horo tho permissible 
eyelienl variation of turning is oxtromcly 

Hnmll. „„ .. . 

15 ( 7 ) IIhui-si'KKO Enoinkh.-T ho so-called 
“ high-sliced ongino ” is duo In tho doimnid 
of ulcutriettl enginoors for an ongino to drive 
when coupled direct to electric generators, Its 
correct designation is “ quick revolution,” ns 
tho menu piston speed duo to. tho short stroko 
employed is comparatively slow. Its great 
fluocnsH for this exacting Horvico led to its 
application elsowhero, and nlllimigh tho steam 
turbine has practically superseded tho qniok- 
rovolutiim ongino for olootHnnl purpiiHes, tho 
engine, novortholcHS, is in demand as a con¬ 
venient, reliable, and modoratoly economical 
prime mover. It is usually vortical, and there¬ 
fore possesses tho advantage of requiring but 
little flnor-spueo. It Is very compact, of no 
groat weight per unit of power developed, and 


1 is made either as a simplo, compound, or 
triple expansion engine, using either saturated 
or superheated steam. This form of engine 
is conducive to high ofiicicncy, but if high 
efficiency is to be maintained the engine must 
be kept in good running condition. Quick- 
rcvolution engines will not work satisfactorily 
under conditions of neglect such ns arc asso¬ 
ciated too frequently with the running of tho 
slow-revolution engine. 

Tho difficulties of adequately lubricating tho 
moving parts of the high-revolution ongino 
were not satisfactorily solved until tho enclosed 
form of engine was designed. This type of 
ongino is illustrated by Fig. If). All tho 
working parts are enclosed in an oil-tight 
case, and usually nil that is in sight outside 
tho enso is a small picco of tho piston rod and 
of the valve rod. Lubrication of the various 
hearings is effected under pressure. Tho 
maximum oil pressure used is about thirty 
pounds per squaro inch. A small pluhgor- 
pattern oil pump driven from tho end of tho 
crank shaft circulates the oil through passages 
and pipes. Tho bearings aro flooded with oil. 
Tho oil esonpes at tho ends of tho bearings and, 
dropping into tho well formed hy tho crank 
oasc, passes through some form of ooolor and 
is strained before entering the oil pump to con¬ 
tinue its journoy unco more to the bearings, if 
eaeii bearing is to receive its fair slinro of lubri¬ 
cant, nil tho bearings must bo finely and uni¬ 
formly adjusted. When the ongino is running, 
nothing of tho oiling provision is visiblo except 
im oil-pressure gauge. 'Tho quantity of oil in 
tho oiling system is usually snob that tho crank 
and tho lower end of tho connecting rod pass 
through tho store of oil in about ono-sixth 
of a revolution. This materially aids tho 
lubrication of tho crank pin. There is an 
inevitable lcnkngo of condensate whore tho 
piston and valve rods outer tho casing, and 
the water finds its way into the ornnk enso. 
Provision should bo made (if it has not boon 
done by the engine builders) for periodically 
removing this water and also tho water of 
soparation from tho lubricating oil placed in 
the crank ease, If suoh bo not made, tho 
orank churns tho oil and water into a viscous 
mixture of about tho consistency of cream and 
of liltlo value as a lubricant, and tho pressure 
in tho oiling system drops to an unsafo figuro, 
about fivo pounds por square inch. If tho 
water bo removed periodically, tho samo oil 
may bo used in the orank case for many weeks 
running. A vnlvoleas oil pump is preferable. 

If a quick-revolution engine runs afc,_ say, 
seven times the speed of ah ordinary engine of 
oqual power—and this is not unusual the 
time for heat oxohango between tho stoam and 
tho oylinder walla is ono-soveuth that of tho 
ordinary engine. When running at 420 
revolutions per minuto the period of exhaust 
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oiiimpioM loss Mum one-fourteenth of a Bceond. 
Art lht> time for heat (low in so short the 
oylimloi- condensation due to heat flow is 
corri'Hi_>oiulingly small. 

.UotuiviHo of ilici high mimbor of revolutions 
(he the engine cylinder is relatively 

iimnll. 'This contributes to a minimum heat 
Iohu diu, to radiation per pound of steam 
oiiimiifr the engine, and therefore the high- 
revolu t-itm engine irt again preferable. Addi¬ 
tionally ^ the amount of covering provided on 
the hot surfaces in liigh-rcvolution engines is 
in mui'lcod contrast to the almost unclothed 
oylinc l «.>!-« common in slow - revolution 

eiiuuui * iraotico. Tho cylinders, pistons, and 


required to set it for running in the reverse 
direction. 

Usually a governor is arranged with its 
axis horizontal, and is placed at the free end 
of the crank shaft. The governor presents no 
special features other than that it works in a 
horizontal position. The hinged weights under 
the control of tho powerful springs occupy 
definite positions at definite engine speeds. 
The position of the weights is crjumuini- 
ented to tho sleeve and through the medium 
of a lever and rod to a y u 
double-boat governor con- i I 
trol valve placed at the i 1 
steamonlruneo tothe valve / 1 MTU-[1 



vulvt‘M nre arranged to be self-draining and 
walin' | jnekets are eliminated. When arranged 
for nMing saturated steam a “separator" is 
prnvi«l€«l to drain as much as possible of the 
uiciiai.il,in held in suspension in tho steam 
lieforo ilio steam enters the valve chest, 
HUnim distribution in usually controlled 
by a, ** jiistnu valve." A piston valve is n U 
slide valve in which l-lie Hat valve face is 
bent into a oylindor. Piston valves aro free 
from friction due to steam load and ooeupy 
mimll H|iaee, The valve gear is of an unusually 
milwtcitiliul eonstriietion hocftnso of tlio rapidly 
iiUeniiitbig loads to wiiioh it is subjected. 
Knelt mod engines are not arranged for reversing 
when minning, hut often, especially in single- 
o.yliii*lor engiiies, tho eeeentrio sheave is ho 
nrmntsod thiit only a fow minutes’ work is 

voi.i t 


client. Tho position of t he valve determines the 
ipiantity of steam passing the valve, and control 
of the ongino speed is therefore by throttling. 
With this form of governor control it is possible 
to work with a maximum momentary variation 
in speed of but 2 per cont and a permanent 
variation nf less than 1 per cent when full load 
is suddonly removed from the engine. With the 
exception of the weights and springs the moving 
parts of tho governor gear are very light and 
easily operated. A heavy flywheel is essential, 
particularly for tho single - cylinder engines. 
A tachometer or revolution indicator is pro¬ 
vided, driven from tho ongino shaft by a belt. 

§ (8) The Locomotive.—T he present-day 
locomotive ongino is a compact self-contained 
steam plant remarkably powerful for tlio spaeo 
occupied, whilst possessing exceptional floxi- 

3 o 
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bility in operation. The form of steam 
generator used and the general disposition of 
(lio engine, purls still Iioii'Tb the stamp of 
iStnphoiis!in’s genius. Whilst in other branches 
of steam engineering the compound engine has 
proved its right to t he first place, in locomotive 
pmetice generally the simple engine prevails. 
The oomlitions under which locomotives must 
work are unusual and severe. Minute by 
ininiito almost, the conditions change ns 
different gradients are encountered, and often 
extreme decoloration or retardation oconrs at 
abort intervals. Tim conditions of service 
debar the use of a condensing provision. 
Therefore for locomotive service the simplo 
engine has survived. 

r |.‘ho steam boiler is scoured at ono end to 
the frame plates: at the other end it is 
mipptirted, ««' allowing freedom for Urn ohango 
of length duo to lomporaturc variation. The 
engine cylinders are Boomed to tlio same 
frame plates at the anchored end of the 
boiler. This avoids racking the steam pipe 
between the Imilor and tlio ongino cylinders. 

|[ the cylinders be placed within tho framo 
plates tile loeoniotive is called an “ inside 
cylinder engine ” i if placed outside the 
frame platen tho locomotive is called an 
“ outside oyUnder ongino.” Tho exhaust 
from tlio cylinders is rised to nugmont the 
draught and therefore promotes rapid steam 
go nova lion. If tho exhaust wore not used 
for draught aoe.eloration, a muoh larger and 
heavier Imilor would lie required. The 
pistons, piston rods, cross-heads, and connecting 
rods are similar to thnso used in simplo land 
engines, although, owing to restricted space, 
l,l,o detail is difforont. The locoinotlvo ongino 
is not provided with a govornor. Hy an 
intelligent use of tlio reversing gear and 
tho steam ndmJtmlnti valve or “regulator” 

I ho engine power can Ini easily adjusted hy 
either or both throttling and varying tlio 
cut-off to suit the eoiistnntly altering running 
conditions. Tho double - cccanlrio reversing 
geiir, as illuslmted in Fiji- 12, togothor with 
a simple D-slide valve is cmniiKUily used, but 
many vivrialions in valve gear are to he found. 

Keyed to tho crank shaft, or “ crank axlo, 
am tho two “ driving wheels.” The driving 
wheels lake tlio ]ilaoo of the flywheel or 
llywheels of tho stationary engine. The rim 
of each wheel is provided with a tyro having 
a cross-sootiou suitable for tho rails on which 
tho wheels roll. Adhesion between ft tyro 
and a rail depends upon, amongst other 
factors, the weight pressing tho two together. 
In nrdor to take advantage of tlio weight of 
the hu mini dive, and in viow of tho weight 
,m, m any one axle being restricted to some 

..«• -i—..pnn the construc- 

whcols of two or 
mplccl togothor. 


Tho coupled wheels act as supplementary 
driver wheels. To enable the wheels to he 
coupled, they are provided with crank pins, 
and tho coupling rods connect these crank 
pins and cause nil the wheels to revolve 
together. In the common two - cylinder 
locomotive tho engine cranks arc arranged 
at right angles to one another. This is 
beneficial, not only because it reduces the 
fluctuation of the twisting moment, but 
liccauso it enables the ongino to start from 
almost any position in which it may have 
come to rest. The axles of tho coupled wheels 
other than tho crank axle arc plain axles. 

A marked difference botween tho stationary 
and tho locomotive ongino is that in tlio 
locoinotlvo the crank-shaft hearings — “axle 
boxes ”—nntl the bearings for the other axles 
arc not rigidly fixed to tho engine framo. 
Each hearing is spring supported. Whilst 



constrained horizontally tlio spring support 
allows tho axlo box a certain limited movement 
vertically. A typical axlo box with its spring 
support is shown in Fig. 20. The axlo box 
slides vertically within the guido bolted to 
tho engine framo. Tho spring absorbs shocks 
duo to inequalities in tho track. 

Although an ongino speed of about 2fi0 
revolutions per minute is quite common, and 
although tho conditions respecting dust and 
grit are anything but ideal, tho simple means 
used for lubricating tlio axlo within tho axlo 
box is effective. In marked contrast is tho 
nave and elaboration of detail found noccssary 
for stationary engines running at similar 
speeds, Only tho upper portion of the nxlo 
box comes in contact with the axle, Tho 
lower portion of tho axle box is provided with 
a hollow " keep ” which nets as an oil 
container. A felt lubricating pad is lightly 
pressed against tho axle by Blonder springs, 
and as tho pad is partly immersed in tho oil 
in tho keep the surface in contact with tho 
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axlo is well supplied with luhrieaiit. Addi¬ 
tionally, oil is eonvoyed from an oil box formed 
in tlio top part of tlio axlo box to suitable 
oiling grooves out in tlio bearing surface in 
contact with tlio axle. 

A six-coupled, simple, inside-cylinder, side- 
tmilc locomotive is shown in Fig. 21. An 
unusual degree of flexibility is given to the 
axlo boxes for tlio trailing axlo (under the 
coal bunker) to permit the locomotive to nego¬ 
tiate curves readily. Whilst hilt a moderate 
sized engine, this locomotive is typical of a 
class in great demand, under certain condi¬ 
tions, for homo railway service. 

§(<») Maiunh Enoinuh.—T homodorn marine 
reciprocating steam engine at first viow does 
not appear to linvo much in common witli tlio 
simple ongino already described. Its difference 
in form and detail is solely due to the endeavour 


very common ; nil engine of this size for land 
service is rare. Whilst for certain marine 
services the reciprocating steam engine has 
given place to tlio geared steam turbine, * 
this is not because of mechanical defect or 
inability to perform exacting fluty. The, 
average ongino is remarkably reliable and 
frequently works under the most adverse 
conditions. For “tramp” steamers tlio re¬ 
ciprocating steam engine bolds tlio proinior 1 
position. 

Triple expansion engines are customarily 
used, although quadruple expansion engines 
with higher steam pressures and superheated 
steam are not uncommon. Tlio engines are 
vertical with the cylinders arranged immedi¬ 
ately abovo the crank shaft. A typical engine 
is shown in Fig. 22, The roar columns for 
supporting the cylinders aro of cast iron and 



li'IU. 21.—Hlx-coiijilcd Tank Kii«lnn for tlio Brecon and Merthyr Hallway. Unlit by 
Messrs, Hubert .Stephenson * Co., htd., Darlington, Bnglnml. 


to satisfy the requirements peon liar to the 
use of reciprocating engines for tlio propulsion 
of ships. The form of oross-seoUim of the 
vessel, the necessity of having tho crank 
shaft relatively close to the keel of tho vessel 
in order to secure immersion of tho propeller 
when tho vessel is running without cargo, tlio 
desirability of being able to run continuously 
for many days without impairing the ability 
of tho ongino io rovorso instantaneously on 
demand, tlio ability to obtain unlimited sup¬ 
plies of cooling water for UHoin condensers, and 
the inability to obtain, either than to a very 
limited extent, fresh water for use in steam 
boilers--all these, as well as other factors, 
have influenced the moulding of tho simple 
form of reciprocating engine into the marine 
engine of to-day. The largest • reciprocating 
steam engines over built have been for inarino 
service, and the average size of engine in uso 
at present on board ship is much larger than 
used elsewhere. A “ tramp " steamer equipped 
with a two thousand horse-power engine is 


tho front columns aro of wrought steel. Tlio 
engine is thcroforo more open for inspection 
when running, and is less mnssivo in uppearanoo 
tlmu when tho front columns nro of east 
iron also. Tho eoudonsor is at the back of 
tlio engine, and is carried upon brackets 
forming part of the rear columns. Tho sea 
water used for condensing the exhaust steam 
passes through tho nests of small-boro tubes 
forming tho condensing surface, nod (ho 
steam is condensed on the exterior surfaces 
of these tubes, For circulating the condensing 
water a plunger pump is usually provided. 
This pump, together with the air pump and 
sometimes also feed and bilge pumps, is driven 
from one of tho crnsH-hondH by means of a 
lover and links. The pumps aro arranged 
under and at one side of tho condenser. 
Tho duty of the air pump is to remove from 
tho oondonsor such nir ns inevitably finds its 
way in amongst tho exhaust steam through 
tho piston rod and perhaps valve rod stuffing- 
boxes, and also the condensed steam. 
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Tho l<-fI and <if the; crank .skaft of Fig. 22 A special inertia governor is sometimes em- 
is coupled In the line shafting term mating in ployed to check the “ racing ” of the engines, 
the propeller shaft. The propel lor screws its which occurs if the propeller ho momentarily 
wav through the water and. in doing so, lifted out of the water by the pitching of the 
transmits a considerable thrust to the ship, vessel during rough weather. This governor 
Adjoining ilia engine is n thrust-black bearing operates a disc throttle valve placed in the 
in which a mi in her of collars formed on the main steam pipo close to the engine. Many 
(I, niH t abaft, Min shaft directly coupled to the engineers prefer hand control of tho throttle 
emiilc shaft, bear against an equal number of valve and do not lit a governor. In the illus- 
lixocl hearing surfaces, so transmitting tho trillion tho vertical rod to the right of tho 











anil built by Messrs. Tho North-EaBtern Marine 
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Wnllsoml-on-iyiio, buglnm! 


i.’ki 22,—Triple Ksimunion Marine UiirIiio. 
1 1 1 KiibHiwtIiik Co., 1 


thrust of tho ciillftfs to tho llmist hloek and 
thonoe to tho ship itself. Tho uranic shaft is 
in tlrnso sections. To facilitate overhauling of 
tho engines when in port, a small simple ongino 
is provided at tho left, end of tho main ongino. 
Tim small ongino driven a worm whioh, by 
gearing into a .suitable wheel seminal to tho 
omul*-shaft coupling, is able to slmvly . rotate 
tho main engines fcn any desired position for 

iiiHiMjution. , , . 

' ordinary forms of govomov nsod tor 
»u« nw mi suited for marine service. 


right column is oonneotod at tho upper end 
U) tho small lover of tho throttle valve. At 
tho lower end of tho vortical rod is a hand 
lovor. No governor is provided. 

Tho iStopheiiBon pattern link motion is fitted 
for reversing. Tho dotail is slightly difloiont 
from that of Fig. 12. The rovorsing shaft is 
at the back of tho engine. It rcooives vibra¬ 
tory motion from a small steam ongino placed 
on tho main engine bed-plato and midway 
botwoon tho middle and right front columns. 
Tho handwheel of tho ongino is specially 
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prominent. 'L’hiH simple engine, through a arranged to give a large opening for a small 
worm, drives a wheel to which is fixed a crank travel. 

)»in, A rod connects this crank pin with the § (10) Newcomen’s Engine. —The first 
arm fixed to the reversing shaft. The arrange- successful and practical reciprocating steam 
nioiib is such that whilst the crank pin tic- engine was invented and constructed early 
scribes a circle the end of the lever of the in the eighteenth century by Thomas Ncw- 
roversing shaft vibrates through about 90°. comen. The steam pressure was low—rarely, 
Ah there aro no stops for the rovorsing links in fact, did it exceed that of the atmosphere, 
to strike against, this gear is very convenient. Rapid development was delayed because of 
I t ia called the “ all round ” reversing gear, inability to obtain steam generators capable 
The engine as a whole can he linked up by of working at pressures above that of the 
tho roversing gear, as in the locomotive, atmosphere. In the early days of the New- 
Sometimes it is considered advisable to alter comen engine an attendant was required to 
independently the cut-offs in tho three operate the control valves, but eventually the 
cylinders, and a simple provision is mado for engine was made self-acting by introducing 
this |,o be done without interfering with tho valve-operating rods attached to the overhead 



possibility of immediately reversing the engine 
ns a whole. 

The liigh-proMHuro cylinder is fitted with a 
piston valve. A typical piston valve is illus¬ 
trated in Fig. 23. The stonm supply outers 
nt, K. 'Tho exhaust; edges of the valve aro tho 
outside edges in this instance. Tho arrange¬ 
ment. shown keeps tho high-temporaturo steam 
away from the valve rod stuffing-box. Tho^ 
valve works within a liner which is fitted for 
cm no of renewal in case of wear. A partial 
development of the Hnor is shown, from which 
the slope of tho commoting bars between the 
port slots will bouotiood. Tho angle is arranged 
ho that ridges will not he formed on tho surface 
of tho reciprocating valve. Tho separate steam 
and exhaust openings out in oaoli end of tho 
valve liner allow for a long guiding surface to 
ho given to the valve. In principle tho valvo 
is a simple R-slido valve. Tho valves for tho 
intermediate and low - pressure cylinders aro 
double-ported, Hat-slide valves, i.e. valves 


cold water is sprayed into tho cyliudor 
through tho spray pipo S. Tho steam in 
consequence is condensed and a slight vacuum 
(dependent upon tho lit of tho piston in 
tho cylinder) is formed under tho piston P. 
The pressure of the atmosphere, acting direotly 
on tho exposed surface of tho piston, forces 
tho piston to tho bottom of the cylinder. The 
condonscd steam and tho injection water escapo 
from tho cylinder by tho escapo valvo E and 
pass into tiio feed-water tank E. At opposite 
ends of the oscillating beam 13 arc attached 
by chains the weighted mino pump rods M 
and the piston. Tho weights of the parts 
attached to the beam are so arranged that on 
completion of the down stroke, when steam is 
admitted ngain to tho cylinder, the piston is 
readily taken to the top of its stroke. 

No attempt is mado in tho Newcomen engine 
to use tho expansive properties of steam, tho 
function of the steam used being merely to 
facilitate the formation of a vacuum. Leak- 
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ago of nil- into the- cylinder i« prevented I >Y 1 sing ! 0 noting. ,)llt U“> top <>F Die oyllndm* i 
Boalina Die upper surface of the piston with >i I closed. The closing «.[ the cylinder top ,uH 

tho providing of a steam jacket suiTomuliiij 
tlie cylinder body keeps both piston n i »< 
cylinder warm. The steam acting on 1 1 1 ' 
upper surfaeo of the piston takes the places < J 
tho atmosphere in the Nowoomen engine. On l; 
the lower end of tho cylinder is iillowo<l *■' 
come into comniimicntioii with tho eoudeiiMOi 
Thrco valves are used to control the ston-J »i 
V„ V 2 and V 3 . Vj is the steam valve, V a i 
tho cr[iiilihrinin valve, and V a is tho oxlmiiB 
valvo. All thrco valves aro operated by i 
plug rod P and tappet lovers (not shown] 
Tho plug rod receives its motion from t-l» 
ovorhond beam 11 . 'I'lio method of opera titij 
tho engino is ns follows, commencing with 1-1 * 
piston at the top of its stroke and rently t 
start on tho down stroke: tho cqnilibi-i*iu 
valvo V a is closed, tho exhaust valvo y., i 
opened to allow tho under side of the pistol 
to bo subjected to tho vacuum of tho eon 
denser 0 into which tho escaping steam fror 
the under side of tlio piston flows. Tim Ht.c.*ivr 
vnlvo V, is opened, and the steam passing o 
to tho upper side of the piston forum fcli 
piston down to tho bottom of tho stroll* 
Here the two open valves are closed mid 1 11 
equilibrium valve V a is opened, so nlluwln 
gravity acting through the weighted pom 
rods M to bring the piston to tim lop of it 
Btroko. For removing the condensed watt 
and condensed steam, and any air that mu 
have entered into the cylinder and condoiino 


layer of wator. Tho heat wastage due to the 
alternate ubo of the oylindor as a steam ro- 
eeptaolo and as a condenser is onormous, and 
tho thermal efficiency of tho engine is corre¬ 
spondingly small. Tho Nowoomon engine is n 
single-acting atmospheric engine. 

tj (11) Watt’s Enoinh. —Janies Watt dis¬ 
cerned ils inherent defect when repairing a 
model of tho Newcomen engine for Glasgow 
University. In 17(10 ho patented his improve¬ 
ments, and in his specification laid down basic 
principles which to the present time have 
determined tho development of tho steam 
engine. Although his patent was of far- 
reaching importance, for a few years it re¬ 
sulted in nothing more than an improvement 
of tho Nowoomon typo of engino—still sing 1 " 
acting, with steam carried the full stroke, 
only suitable for pumping, but able to mako 
an increased number of strokes per minuto 
and less wasteful of heat than formerly. His 
separate condenser was gonomlly worked by 
injection, although lie saw the potentialities of 
tho surface condenser and oven made a modol 
ooudonser similar in essentials to those used 

with modern marine engines, i 

- 1 " Nowoomon ongino as j nil air pump A is provided. The disnlmi*, 

'flfl, The ongino is | from this pump is into the hot well 11, fl’t) 
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whioh l.]io food pump 'If draws its .supply of 
lioL waxier fur footling the lioilor. 

W^u hiiw u multitude of uses for Lin engines 
if tliti rooiproenling motion of his piston 
i'*nl (.;,,ulcl he changed to the rotary motion 
of n, ahn-ft. To uohiovo this end ho devised 
tins cm-jlhU and connecting-rod mochanisin, 
idilioiijrli retaining the overhead beam, hut 
on Homo nne patenting Watt’s device he pro- 
| t,j U 5 huh and planet wheel mechanism 
ami ] m tou ted the detail in 1781. On the expiry 
of tlto ] intent relating to the crank and con- 
neoLifijr |-nd, Iho sun and planet mechanism 
was c.1 (Hoarded and the crank and connecting 
rod nunvo into practically universal nso ns a 
J'eiiii >r<icnling engine mechanism. 

VViitt’H next object was to eliminate tho 
\vnHtc;«l atroke of his Hinglo- 
<uitiu|» engines of 17(il), and in 
17H:2 Jvn patented his double- 
autingjr engine. At this time ho 
ivIho iiiLtruted Llu> idea of using 
Htimm expansively, i.e. of 
lulmit.t.ing live steam only for 
a porLtoii of the stroke of the 
|iisl < m and allow¬ 
ing; tho (|iiantity 
nihil U teri, to cou¬ 
th mo lining work 
b.V oiX-pniiNion until 
Gin pinion reaches 
tho ontl of its 
stmUo. In view 
nf oaoh ntroke now 
hoiiijm a power 
Htmlio tho original 
elioin form of con- 
luickiou hetwecu 
tho pinion rod 
and tho oscillating 
lain.in was no longer foasihlo. 

To tala* its piano he devised 
tho Ho-onlled parallel motion. 

Tho function of the parallel 
motion ih to guide tho uppor 
mid id' the pinion roil so that, 
wl i it l ovor the angle the lieain 
iimy make (within the designed 
limit h) the end of the piston rod is not 
(1Hhinted from the vertical. The pressures 
at whioli his engines worked rarely exceeded 
novc'ii pounds per square inch above tho 
ivtimiMphoro, although he was well aware of 
tho advantages of using steam expansively. 
Further patents were the throttlo valve for 
I'l-gsuhiding the admission of steam to the 
on^iiu* cylinder, and tho centrifugal doublo 
pond ilium governor for controlling tho engine 
h| Hit'd l»v operating the throttlo valve. Ho 
ulHf» devised tho first indicator for recording 
gritpliionlly tho state of affairs existing within 
fclio ongine cylinder at any part of tho stroke. 
To Watt is due ,tho jiresent method of rating 


the duty of engines —the horse-power, lie 
defined one horse power to be the raising of 
83,000 pounds through one foot in one minute. 
In partnership with Matthew Boulton lie 
carried on ns a commercial venture tho manu¬ 
facture and sale of liis engines at works in 
Birmingham. 

Watt’s double - acting engine of 1782 is 
shown diagrammatical!}- in Fig. 20. In addi¬ 
tion to the then customary arrangements for 
pumping, n continuous rotary motion of a 
shaft is provided through the medium of his 




X. " ' 

r~ 




Fig. 20. 

sun anil planet wheel mechanism. Valves V 4 
and V 3 aro steam valves; V 2 and V 4 are 
exhaust valves. Commencing with the piston 
at the top of its strolco the cycle of ovents is 
ns follows—exhaust valve V 2 and steam valve 
V 3 are olosed, and steam valve Vj anil exhaust 
valve V,, aro opened. Steam may now enter 
the cylinder above tho pist-nr 
tho piston, tho steam fron 
meanwhile exhausting ii 
through the exhaust vnlv 
tho injection jot J is t< 

The steam valve V, mi 
completion of tho pisto: 
sivo properties of the t . 
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tlio stroke, Em- the return stroke the steam 
valvo V ;1 and tlio exhaust valve V a arc opened 
and valves V, and V., are closed, When the 
engine Inis been thoroughly warmed up and is 
mi der way, (,he open ing and closing of tlio vnlvc3 
is performed antonuitioally by a ]>lug rod P 
driven by the oscillating bourn B. Tlio plug 
rod moves levers connected to tlio valves and 
so opiirales the valves. The engine speed is 
controlled by n centrifugal pendulum governor 
{.! driven from the engine shaft by a belt. 
The governor actuates u throttle valvo T 



Pill. "V.— ProHS-seutlon of HI mm and Kxluumt 
.hiwmgi's of Wall's JlonMo-neMng Kiiglno. 

placed in tlio steam pipo »S, near tho cylinder. 
Tlio throttle valvo oonsists of n disc mounted 
on a spindle working within tlio steam pipe. 
Tlio lingular displacement of tho disc from tho 
(dosed to the open position is about ninety 
degrees. 

§ (12) II OHM II11OWH It’s ENlIfNK. — Ttl 
rTciimtlmn <!. Ilornhlower holongs tho honour 
of making tlio lirst compound engine. Jlia 
engine, indented in 17H1, consisted of two 
cylinders of dilVorenl diameters placed side by 
side, Mm steam doing work successively on tho 
two pistons. Both pistons woro coupled to 
tho sumo end of an overhead oscillating beam. 
Owing to an infringement of Watt’s patents 
the expansive condensing engine introduced 
by I lorn blower was abandoned for many years. 
About the commencement of tho nineteenth 
century tho idea was revived. To what extent 
J Turn blower uppmiiulcd tlio advantages of tho 
compound engine is imcortnin, but nevertheless 
his work marks the greatest advance made in 
rooipnwutmg stoiun-ongino construction sinoo 
Watt applied Ins genius to improving tho 
Nhweonum engine, 

Tho revival of the compound engino did not 
puss iinelmltonged, mid its competitor proved 
itself to ho so satisfactory under the prevail¬ 
ing conditions that compounding again fell . 
into disuse, Its competitor was tho single- 
cylinder higli-prosHiiro engine, wliioli, at this I 
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time, bad the advantage of simplicity coupled 
with unusual economy. Introduced originally 
by Richard Trevithick for propelling vehicles 
along roads, it eventually, when °modified 
somewhat, took the form of a pumping engine 
and for many years held away under the name 
of tho Cornish pumping engine. 

§ (13) Tun Cornish Enoink. — In the 
Cornish pumping engine, as was customary 
at that time, tho cylinder was placed to 
work on to one end of an overhead beam. 
At the other end of the beam was attached 
tlio usual heavy pump rod working a pump 
placed at the fool of tlio mine shaft. The 
down stroke of the piston was due to steam 
lining admitted above the piston j on the 
stroke being completed tho two sides of tho 
piston were placed in equilibrium by opening 
an equilibrium valvo similar to that used 
in Watt’s single-acting engino. Tho heavy 
pump rods, under tho action of gravity, 
descended, doing work in their dcseout and 
bringing the piston again to llie top of the 
cylinder ready for anothor power strolco. Tho 
valuable oxpansivo properties of the steam 
were used by cutting oil tho supply of steam 
early in tho stroke. This, combined with tho 
relatively high initial pressure used, and tho 
bonefieont effects in the present engine of tho 
inertia of tlio large moving masses employed, 
resulted in unusual economy. A small plunger 
pump was used for controlling tho frequency 
of tho engine strokes, The plunger of the 
control pump was raised by the engino beam ; 
tho dcscont of tlio plunger was controlled by 
tho rapidity with which tlio fluid under the 
plunger was allowed to escape through an 
adjustable orifice. The steam and exhaust 
valves wore controlled by lovers and catches 
which tho plunger in descending operated. 
Tlio plunger control pump was called a 
oatnruot. A similar pump was used for work¬ 
ing tho equilibrium valve, and was set so that 
a decided pause occurred when the pump rods 
were at tho top of their stroke, thus allowing 
timo for the pump cylinder to fill with water. 
Whilst tho efficiencies of those engines woro 
undoubtedly very good, some of the olaimed 
results of tests are of so startling a diameter 
as to causo the trial data to be regarded with 
suspicion, Tlieso engines played a prominent 
part in tho development of tho steam engino 
ns a roliftblo primo movor, and especially 
drew attention to the advantages accruing by 
the uso of high-pressuro steam expansively. 

§ (14) M‘Na uoiit’s Enoinf.. —About tho 
middle of tho nineteenth century tho second 
revival of the compound engine took place, 
Fnoilities for generating steam at higher 
pressures than lmd been common hitherto, 
tho need for augmenting tho power developed 
by existing machinery, and tho cry for 
greater economy in steam consumption — 
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thosts, ami other factors, led M‘Naught in 1845 
t' 1 improve tlin existing Watt beam engine by 
luklli-ijj, (l high-pressure cylinder. The piston 
)‘ocl of this cylinder was connected to tlio 
ongitte beam at some convenient position, the 
Hhrolco of the now cylinder being made to 
Hiiit tlio position chosen. After working ex- 
pansivoly in the high-pressuro cylinder the 
fstiMtin punned into the original cylinder, now 
tins low-pressure cylinder, to do f 11 rther work 
hofovo exhausting into a condenser. As might 
ho t»c] jneted it was found that the many engines 
wo ti'«.si\toil Imd their total power greatly in* 
trenHed nnd showed a material gain in thermal 
tifiiolonoy. Gum pound engines now eame into 
gomii’jvl uho, and their advantages became more 
pronounces! with the advent of still higher 
boiltH- pressures, (ionorully, with the exception 
of locomotives, the majority of largo engines 
arcs now stage expansion enginea. In the loco¬ 
motive fruiters exist which render the stage 
oxpmiHiou idea dillieult to apply. The largest 
dovolopment of the reciprocating compound 
uiigine 1ms been in the marine service. Tho 
OHisilluting benin is no longer used; through 
Mm medium of Watt’s crank and oonneolmg- 
nj«l tiu-oliauisin rotary motion is produced 
witilunit the intervention of the lieam. Modern 
engine» are very dilVemnt in appearance from 
tlioHe «»f tiie early days, occupy less space, 
wui&h less per unit of power developed, and 
are nmtili more economical in steam eon- 
Humptiim, but let it lie remembered that the 
cloht. wo mve to those idealists ami engineers 
of t he past two centuries is great. 

'I’ho development Hineu tho middle of the 
nineteenth century lias been more in the 
dircfolion of size of unit rather than in the 
npi>]i«atiun of idlberto unoonsidored principles. 
Wil li biomiso in skill in Imiler-making ami tho 
ability I" obtain holler material of a quality 
and reliability unknown to (lie earlier boiler- 
nmtceiH, steam pressures gradually increased 
mit.it new pressures of 2(H) pounds per square 
hull* are common. Tho two-stago expansion 
engine Inis given place to the three* and some- 
limoH the four-stage expansion engine, with, 
niit.ii rally, inerensed beat ellieienoy. The ad* 
van l ogon of superheating the steam, i.c. heat¬ 
ing tho Hteam above the temperature duo to 
formntimi, have been investigated, and despite 
imioh discouragement the designing nnd 
ojhj jutting of Hiipei'bcated steam plants has 
rcoolved (lonsiderable attention. Tho rosidts 
an i-tigards heat oflieieney have been oncourag- 
itifr, nnd rapid development is assured. 

Who bulk of si earn-engine development has 
hocMi duo to the aetivities of tlio British. In 
rolti-ti voly recent years others, however, have 
enUM-oil the field to aid in tho advancement of 
applied seience. In 188/5 h. J. Todd, realising 
tlio almost thermal instability existing in tho 
ord inary form of reciprocating engine cylinder, 
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attempted to overcome the inherent defect by 
inventing and making the one-directional-flow 
engine, usually called tlio una-flow (or some¬ 
times the uni-flow) engine. In the ordinary 
form of engine there is frequent and con¬ 
tinuous reversal of steam flow so long as the 
engine is running. This materially affects the 
heat efficiency of tho engine. In his engine 
lie has arranged the steam (low so that it is 
always in the same direction. The results of 
iiis researches during the few succeeding years 
were unheeded, and it was left to German 
engineers to continue Ins labours nnd by care¬ 
ful and precise effort to bring his ideas to 
practical achievement. Continental engineers 
have shown remarkable perseverance and in¬ 
genuity in perfecting this important form of 
engine. The unusual features are that the 
steam ends of the cylinder are always hot and 
the exhaust portion of the cylinder always 
cold, nnd that the ratio of expansion in a 
single cylinder is ns great as that usually 
found over the cylinders of a triple or quadruple 
expansion engine of the ordinary altcrnating- 
llow pattern. Only recently have British en¬ 
gineers turned their attention to the design 
and manufacture of the una-flow engine, and 
in 1920 there was in process of manufacture 
a larger una-flow engine than had hitherto 
boon constructed. It is said that up to the 
end of 1911 una-flow engines aggregating over 
one half-million horse-power hud been made 
or were in process of manufacture. 

8(1/5) Strpiirnson’s “ llOOKET.” — As has 
already l»on mentioned, Trevithick applied 
tho reciprocating steam engine to the pro¬ 
pulsion of road vehicles. It was not, how- 
over, until 1829, twenty-five years after Trevi¬ 
thick had shown tlio possibility of steam- 
driven vohiolos, that the question of horse 
versus steam traction for railways was de¬ 
finitely settled. In this year locomotive trials 
wore conducted, and the engine, “Rookct,” 
made by Goorgo Stephenson, proved itself 
vastly suporior to all competitors and gave a 
gcnoral outline to tho locomotive whicii persists 
oven yot. Tho cylinders of the early loco¬ 
motives wore placed vertically ; in tlio Rocket 
they wore inclined and afterwards placed almost 
horizontally. The exhaust from the engine 
cylinders was used to accelerate the draught, 
so giving ft ready combustion of the fuel, even 
with a small boiler, Stephenson’s boiler was 
a multi-tubular ono. Tho products of com¬ 
bustion passed through these tubes on the 
way to the. chimney. Tho lubes provided a 
largo heating surface, and in this respect his 
boilor was in advance of contemporary boilers, 
A crude arrangement of gabs was provided 
to facilitate roversing the direotion of motion 
of tho engine. This arrangement eventually 
developed into the now common link-motion 
reversing gear. Tho link motion also lias the 
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advantage) of allowing variation in tho ratio 
of expansion to bo made without stopping tho 
engine. Tho manufacture «>r locomotives was 
tnIcon u|) by hit-t son Robert StephenBon at 
Nowcustlo-nii-Tyno, ami had a far-reaching 
o fleet upon the commercial expansion of Great 
Britain. |{«'Htri<.Uona in loading gauge havo 
ura-mped llio development of tlx; locomotive 
in Clivat .Britain, lint where tho restrictions 
havo not been ho severe tho steam locomotive 
has become extraordinarily powerful and of 
onnaidembln bulk and weight. 


for certain marine services it lias been super¬ 
seded by the steam turbine and tiie internal 
combustion engine, Its days are, however, 
by no means over, and for several classes of 
work it will not readily lie replaced. 

Although locomotive and marine engines 
may justly claim the bulk of the power of the 
reciprocating engines manufactured, the other 
services to which this form of engine has been 
applied are legion, and in the aggreguto tho 
power developed is enormous. Each well- 
defined branch of industry has its own peculiar 
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tj (li$) 'Tun Fjkht Maiiinh Enuink.— 
Another nutnm! application of the steam 
engine was to tho propulsion of ships. The 
Jirst practical application was to a tug, Char¬ 
lotte Jhtudufi, which was tried in tho Forth and 
Olydo Omuil in I (102. A Watt double-acting 
condemning engine was installed. It was placed 
homon tally, nml by means of a connecting 
rod drove tho omnlc of a shaft carrying a 
puddle wheel placed at tho stem of tho vessel. 
Tin) trial was successful, hut outside interests 
prevailed, ami steam towing was abandoned. 
In 1807 an American, Robert Fulton, prepared 
a vessel on tho Hud turn River for onginos nmtlo 
to his design by Boulton urn! Watt. .11 iB 
von tin e wan a success, and for tho first time 
Htimni navigation was commercially feasible. 
Hindu then improvements havo been in design 
rather than in principle. Tho modern marine 
reciprocating Hleiun ongino is wonderfully 
reliable, and compares very favourably in 
economy with tlio beat of land ongincs, yot 


requirements to be satisfied, and honco it is 
that there is so much variation in the detail 
of land engines. Unquestionably, many of tho 
smaller sizo engines are inherently wasteful, and 
tho wastage is Frequently amplified by lack of 
knowledge and sheer indifl'oroneo on the part 
of owners and attendants, yet they retain 
their position ns prime movers bocauso of their 
freedom from break-down and their flexibility 
in operation, Ai <>, 

STEAM ENGINE, THEORY OF 

5j (1) Introduction. —Tho theory of tho 
steam engine considered as a heat engine, 
that is to say, considered as an appliance 
by which work is done through the ngonoy 
of heat, is a development of “Thermo¬ 
dynamic's ’’ ( q.v .). The ongino may bo of 
the piston and oylindor type, whore work 
is done during tho expansion of tho working 
substance mul as a direct result of that 
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<«piviU4Lon, >" consequence of Hits pressure lhe assigned conditions as to .supply and 
wlu ° U 11»« substance, exerts on its containing rejection of beat. Its ratio to the ideal efficiency 


' <-• l< »|ic’, part ot which moves so as to increase 
Urn V - * j| in 110 of tho contents. Or it may be of 
turbine type, where a stream of the 
vrorlci ng nuhstanue acquires kinetic energy by 
pftHHiU|jr from a region of ‘comparatively high 
piessn IMS to a region of lower pressure, ami 
worl-c. i h clone by the impulse or reaction of 
tho s^t.i ouni oil moving vanes. In eithor enso 
tho tx v; tvioti is governed by the First and Second 
hmv.s of Thermodynamics. A fraction of the 
hoiii, whioh is supplied to tho working sub- 
Hbin oo disappears as heat, by being converted 
into tlie mechanical form of energy which it 
is fcl»o function of the engine to produce ; and 
llio | >i-j nciplos which determine bow largo that 
fruothiem may he are those laid down by Carnot 
in him dimniHsioii of tho conditions under which 
nn on^ino will most oflioiently perform work 
by the ugoney of heat. In cither case it has 
to lio recognised that the fraction convertible 
into work is limited by tho toinpernturo at 
whicslx tlio working suhstanoo lakes in heat 
fmm tho Hoiirciej mill the lower temperature 
at wliioh it rejects the unconverted remainder, 
unil ixlHo Unit the ideal limit of eflicioncy which 
lliOHo (nmpemtui'es impose will ho more and 
iiiuro tiloHoly approaohed the morn nearly the. 
notions) that occur within the engine are 
rovtsrHiblo. If all the heat which tho working 
MiliHttviroo Lakes in were taken in at nn absolute 
tom j jfM'uture M’ l and all tho heat which it 
rcsjuot.H wore rejected at an absoluto tompomturo 
T a the ideal limit of elliclonoy would bo 



n« in nlrown in “Tbormodyimmioa,” § (20). 
lit § (40) of that article an imaginary ro- 

vm-rtildo Hlenni engine is described, in which 
limi t in taken in by evaporation of tho work¬ 
ing? «ul)ntanec ill a tompomturo T\ and is 
injootoil by ccmdonaation of tho working 
HubMtimuo at a tompomturo T a . Within that 
itmvjjstnury engine there is no irrovorsiblo 
fiiatiii’c ; the subslunoo changes its toui- 
povixfcuro from T, to T a by adiabatic ex- 
pimmon, and from T» back to 'L\ by adiabatio 
timitl.nuHHiim. 

rout engine works in a strictly rovor- 
niblo in miner, and the ideal onioionoy which 
tsoi-jrtSH ponds to reversible working is to bo 
roprixvtlml ns a standard by comparison with 
whioli the actual performance should ho 
jml^od. The actual ofTioionoy, namely the 
nutiiii-l ratio of work done to boat supplied, 
may lio measured by obsorving tho indicated 
hor«o-pnwor, the iiuuntity of steam supplied, 
and tho conditions ns to tomporature and 
pi v o»»nro of tho supply. Tlio actual ofllcicnoy 
will imouHsarily ho less than tho ideal efficiency 
whioli corresponds to reversible working under 


is called the “ Efficiency Ratio,” The ellicieney 
ratio is nn important criterion of performance, 
but it must be borne in mind that when one 
engine is compared with another, we arc 
concerned not only with the efficiency ratio 
of each, hut also with the ideal standards, 
which may differ widely owing to differences in 
the conditions under which the engines receive 
heat or reject, it. 

§ (2) Cycle op Omu'noxs (Carnot). —If 
the beat which the working substance of a 
steam engine takes in were exclusively the 
heat of evaporation of the steam, which is 
received at the temperature of tlio boiler, it 
would he proper to take the efficiency of tlio 
Carnot Cycle, namely (T, - T 2 )/T,, as tlio 
ideal standard with which tlio actual efficiency 
should ho compared. But this would require 
tlie feed-water to ho already at the temperature 
Tj before it begins to rccoivo heat, a condition 
whioh requires all the operations to occur in 
a singlo vessel, as in the imaginary engine of 
Carnot. When the organs are separated into 
boiler, oylinder, condenser, and feed-pump, 
adiabatic compression from T, to T, becomes 
impracticable, and in lieu of it we have, as 
an essential part of the cyclic process, tlie 
heating of the feed-water from T a to T k by 
direct application of heat. Thus the cycle to 
be considered is ono in which part of the heat 
is necessarily received at temperatures lower 
than Tj, namely that part of tho heat which 
sorves to warm tlie feed-wnter up to tho 
tompomturo of tho boiler. It is easy to iningino 
an ideal cycle of operations in which the 
working substance takes in heat, in this manner 
but in whioh tho internal actions nro com¬ 
pletely reversible. 

Taking the Carnot oycle with its four opera¬ 
tions, as described in “ Thermodynamics,” 
§ (<I0), let it bo modified as follows. Let tho 
first and scoond operations occur as they do 
there, namely tho vaporisation of the water 
at T,, and the oxpansion of tho steam from 
Tj to Tj; but let tho third operation, namely 
tho condensation at T s , ho continued until the 
steam is wholly condensed. The substance 
then consists of water at T,, and the cycle is 
completed by heating it, in the condition of 
water, from T a to Tj. In nn ongino where all 
the operations ocour in a single vessel this 
could be dono by increasing the pressure 
exerted by tho piston from 1\ to l 1 ! before 
applying the hot body; this prevents steam 
from forming during the heating of tho wator. 

The indicator diagram of the cycle modified 
in this manner is slioivn in Fig. 1. There ctb 
is the oporation of forming steam, from water, 
at T, and l \; be is adialmtio expansion from 
T, and l\ to T, and P a . During this operation 
part of the steam becomes condensed. Then 
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cc- eumplolos lliy condensation at T s uiul P a . 
In the foil rill operation Iho pressure of the 
condensed water i« raised fit mi P, to P, mul 
il.H temperature from T a to Tj. During that 
opomfioti tlm change of volume is negligible 
in i!om|Hiri,sim with that whioh takes placo 
in the other operations. 

'the nnlropy-tcniporuturo diagram (see 
“ Thermodynamics," § 

J . "-® (2(|)) for this modified 

\ cycle ia shown by nbc.c, 

\ Fig. 2, whore tho same 

>, letters as in Fig. 1 arc 

used for corresponding 

o ' ~_ p 


I''IU, 1.—Indicator Dliuirum of Ideal Stoma KiikIuc 
with complete Adlabntlo Hximnslon. 

operations. An in tho On mot. oyelo, ab repre¬ 
sents tho conversion of a pound of water at 
T, into dry saturated Htnam nfc T„ and be. 
ropnwenta its ndiulmtio expansion to T a , 
resulting in a wot mixture nt c, the dryness 
of whioh (Hint is to Hay, the [motion that 
in present us vapour) ia measured by tho ratio 




1 m Entropy 


li'lO. 2.---liiitnipy • leiuiwmture Dimas m for Ideal 
Htoam lingliio with Uompleto Adlnlmtio Kximn- 
RlOll. 

ec/ca. Thou ee represents the eotnploto con- 
don ant inn at T a of the steam in this wot 
mixturo, and cu, whioh pmolioally coincides 
with tho Imnndury curve, represents tho re¬ 
heating of the condensed water fromT a to T,, 
*'**'• -viiflfitu/ ui«bufi>rico behaves reversibly 
•—'' ins, and therefore 
represented by 


the closed area nbc.c in the enli'opy-tonipei'aturo 
diagram of Fig. 2. The diagram further 
exhibits the heat taken in and the heat 
rejected. Tho whole heat taken in is measured 
by the area leubn, the base line In being drawn 
nt tho absolute zero of temperature, and of 
this tlio area learn measures the heat taken 
in during tho last operation, while the water 
is being reheated, and the area malm measures 
the heat taken in during the first operation, 
whilo tho water is turning into steam. Tho 
area ncel measures the heat rejected, namely 
during tho condensing process ce. 

An important algobrnicnl expression for tho 
work done in tho oyelo is obtained by making 
uso of the “ total-heat ” function I, explained in 
“ Thermodynamics,” §§ (31), (38). In tho indi¬ 
cator diagram of Fig. 1, let the lines ba and ce 
bo produced to meet tho lino of no volume in j 
and k. Thou by § (38) tiio area jbek is an 
amount of work equivalent to tho difference 
of total heats of tho working fluid at b and c, 
I b -I f , namely tho “ heat-drop ” of a pound 
of steam in expanding adiabntically from tho 
oondition at b to tho condition at c. The 
small area jmk (tho size of which is exaggerated 
in the sketch) is (P, - P 9 )V„. a , where V„, a is 
tho volume of a pound of water at T a . (Wo 
may tako tho volume of water to be practically 
constant for tho purposes of this calculation.) 
Henoo tho thermal equivalent of tho work 
done in tho cycle, por pound of stoain, is 

I* - lo - A(P 1 - P a )V 

A being tho factor for converting from units 
of work to units of boat. Tho same quantity 
of heat is represented in tho ontropy-tom- 
ponvturo diagram, Fig. 2, by tho area cabctt. 

§ (3) Ran kink Cyor.n, — This modified 
oyelo iB praotically important booauso it iB 
tho nearest approach to a Carnot oyelo that 
can bo aimed nt when tho operations of boiling, 
expanding, and condensing are conducted in 
soparato vcssols. Tho ideal engine already 
considered had one organ only—a oylimlor 
which also served as boiler and as condensor. 
Wo oomo nearer to tho conditions that hold 
in praolieo if we think of nn engine with 
separate organs, shown diagram matically in 
Fig. 3, namely a boiler A kopt at T k , a non¬ 
conducting cylinder and piston B, and a 
surfaco condenser C kept at T a . To these 
must bo added a feed-pump D, which returns 
tho condonsod water to the boiler. Provision 
is mado by whioh tho cylinder can bo put into 
connection with tho boilor or condonsor nt will. 

With this ongino the oyelo of Fig. 2 oan ho 
porformed. An indicator diagram for tho 
cylinder B is sketched in Fig. 4. 

Steam is admitted from tho boiler, giving tho 
lino jb. At b “ out-olT” ocours, that is to say 
j tho valve which admits steam from the boiler 
I to tho cylinder is closed, Tho steam in tho 
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oyliutlc^,- in then expanded ndialmtically to 
L)u> j of tho condenser, giving the line 

bo. _A.t, c the " exhaust” valve is opened 
svliiuli connects the cylinder with the eon- 
ilonRov. 'The piston then returns, discharging 
tlio Htomn to tlio oondonsor and giving the 
lino o/,n The area jhc.k represents the work 
clones itr the cylinder B. The condensed water 
• H tluni roturned to the boiler by 
the ftscs<l-puni|), and the indicator 
dia|fr<vij» showing the work ox- 
penults*j upon the pump during 
thin opnmiion is sketched in Fiij. 

5, It js (be rectangle kenj, whore 
bo. i-o presents tho ii|> - stroke in 
whioli tho pump fills with water 
at tins pressure 1\>, and aj repre- 
tient-H t.h« down- 
sti'olc«s in whieli 
it <1 isoharges 

wntoi* to till! 
boiloi.* against 
tho i>i’4‘SSiiro Pj, 

.If wo cruporpose 
tlio diagram of 
tlio i >iunp on 
tlia-L of tho 
eylindor ivo got. 

Uusii’ * lilYeienee, 
imnudy nbcr. (A’/f/. I). to represent the not 
mm >n ii t of work done by the (Ink! in tho oyolo. 
Tt in t.lm excess of the work done by tlio fluid 
In ( ho cylinder over that spent upon tho fluid 
in blits pump. 

Tli in oyelo is comimmly ealled tlio Rankino 
(lycilo. I,ike the Cunmt c.yohi it reproHonts an 
hiou 1 that is not praeticaliy attainable), for 
it | >i mtulutes n. complete ahsonco of any loss 
through transfer of heat between tlio steam 
and tho surfaces of 



Kin.:». 


J 


the cylinder and piston 
or through irreversi¬ 
bility in tho motion of 
the working fluid. But 
it affords a vory valu- 


Vin. I. 

uhlts tiritorion of performance by furnishing a 
Hbitndanl with which tho elllcionoy of any real 
orij^liio may bn compared—a standard which 
in Jomh exacting than the oyelo of Carnot, hut 
(jiii-tM." for eompariiion, inosmueli an tho fourth 
"f the Carnot cycle is necessarily omittod 
whon tho steam is removed from tho cylinder 
bofovo oimdeiiHatioii. A sopnroto condenser is 
in<IiHl>ansablo in any real engine tliat protonds 
to n Oichmey. 

Tiie use of a scpamLe eondonser was m 


fact one of the great improvements which 
distinguished the steam engine of Walt from 
tho earlier engine of Newcomen, where the 
steam was condensed in the working cylinder 
itself. The introduction of a separate con¬ 
denser enabled the cylinder to be kept com¬ 
paratively hot, and thereby reduced immensely 
the loss that had occurred in earlier engines 
through the action of chilled 
cylinder surfaces upon the enter¬ 
ing steam. But a separate con¬ 
denser, greatly though it adds to 
efficiency in practice, excludes the 
compression stage of the Carnot 
cycle, and consequently makes 
tlio Rankino cycle the proper 
theoretical ideal with which the 
performance of 
a real engine 
should bo com¬ 
pared. 

The efficiency 
of tho Rankino 
cycle is less 
than that, of a 
Carnot cycle 
with the same 
limits of tem¬ 
perature. '.I’his 
is because, in tlio Rankino cyalo, tho heat is 
not all taken in at the top of the range. In 
tho Rankino cycle, ns in Carnot’s, all tlio 
internal actions of the working substances aro, 
by assumption, roversiblc, and consequently 
each elomont of tho wliolo heat-supply pro¬ 
duces tlio greatest possible mechanical effect 
when regard is had to tho tomperaturo at 
which that olemont is taken in. But part of 
tho heat is takon in at temperatures lower 
than T„ namely that quantity of , 
heat which is required to warm the H 
water up to tho tomporatmo of the 
bnilor. Hence the avorago efficiency 
is lowor than if all had been taken 
in at Tj, as it would bo in the cycle 
of Carnot. 

Each pound of steam that passes 
through tho engine docs a larger 
amount of work in tho Rankino 
cycle than it does in tlio Carnot 
oyelo. This will bo apparent when 
tho areas are compared which represent tho 
work in tho corresponding entropy diagrams— 
the area abac with tho area abed in Fig. 2, 
But tho quantity of heat that has to bo supplied 
for each pound in tho Rankino cycle is also 
greater, and in a greater ratio: it is measured 
by tho area leabn in Fig. 2, as against mabn. 
Honco tho efficiency is less in tho Rankino 
oyolo. In the Rankino cycle, of tho whole 
heat-Biipply tho part learn does only tho com¬ 
paratively small amount of work ead, and tho 
remainder of tho heat-supply, namely mabn, 


AM 
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dors the Htimo amount of work n« it would do 
in n On mot eyolo. 

To express the oflioioiiey of n Ran kino cycle 
wo may take in (ho limb instance one in which 
the steam supplied to the cylinder in dry and 
Hutumtod. The whole amount of heat taken 
in in llio quantity required to convert water 
ut I 'j and Ty into saturated .steam at. P,. This 
quantity is Ei “ [T„. 2 I A(J.', - L’ 2 )V„, 2 ], for tlie 
total heat of the water at P, and T a is greater 
than f w3 liy the quantity A(P X - P B )V W ,». I,, 
in (ha total heat of the steam as supplied 
from the boiler. 

The work dona is, as wo have seen, equal to 
the heut-drop ruin us the work spoilt in the 
food-pump, or - I f — A(P, -P s )V l(1 j, where 

is t-ho total bent of the wet mixture after 
adialmtio expansion. 

The oilloienoy in tho oyclo us a wliolo is 
therefore 

Ei -1,. - A( P, - P^V,,* 
In--.Ls a -A(i\-F a )V H ,’ 

which is approximately equal to 

E.rJi 

Ei - lua 

Tlio feed-pump torin A{1. , 1 -r a )V H , 2 , which 
occurs in hutli tlio numomtor and tho,do- 
nominator of thin expression, is relatively so 
Hinall Unit it ih often omitted in calculations 
relating to idonl efficiency, just ns it is omitted 
in sta ting tho results of tests of the performance 
of real engines. In such tests it is oustomary 
to speak of the work done por pound of steam, 
without making any deduction for tho work 
that has to ho spout per pound in returning tho 
feed-water to the boiler. But to mako the 
analysis of a ltiiiikino oyoln eomploto, the 
feed-pump term lias to he taken into account, 
mid it. is only I lien that the urea of tho entropy- 
toinporakimi diagram gives a truo measuro of 
the work done. Tho heat-drop, by itself, is 
not mi accurate monmiro of the work dono in 
the Itanldnc oyclo us a lvlmle, nor is tlio 
heat-drop equal to tlio enclosed area of tho 
entropy-tompemturo diagram, but to that 
urea minim the thermal equivalent of tho work 
spoilt in tlio feed-pump. 

IT, however, wo are oimcomcd only with tho 
work dono in the. ej/limler of tlio Ideal engine, 
tlien the heat-drop alone has to ho rook (mod.. 
It is the oxnot measuro of that work. Tho 
ratio of tho heat-drop to tlio heat supplied 
shown what proportion of the supply is con¬ 
verted into work in tlio cylinder, unilor tho 
ideal conditions of adialmtio action: it is a 
ratio nearly identical with tlio olYieionoy of 
the Man kino cycle, and oven nioro useful ns 
a standard with wliioh to compare tho per¬ 
formance of a real engino. In tho actual 
perform initio of any real engino tho amount 
of work done in tho cylinder necessarily falls 


short of the adiabatic heut-drop, because llio 
working substance loses some heat to tho 
cylinder walls. The oxtent to which it falls 
short is a matter for trial, and once that has 
boon ascertained by trials of engines of given 
types, estimates may he made of the per¬ 
formance of an engine under design, using 
tho adiabatic heat-drop as the basis of tlio 
calculation, with a suitable allowance for 
probable waste. 

§ ( 4 ) Total II cat: Wet Steam. — To deter¬ 
mine the ideal performance it is essential 
to calculate tho adiabatic heat-drop under 
any assigned initial and final conditions. For 
this purpose wo have to find I e , the total 
heat of wet steam after adiabatic expansion. 
To bring tho mixture at r. (Fig, 2) into the 
condition of wutor at e would require tlio 
removal of u quantity of heat equal to tho 
area under ec, namely T(0-0„.)i whore 0 is 
tho entropy at c, and fa, is the entropy of 
water (at e). On tho other hand, to bring 
it to tho condition of saturated steam would 
require the addition of a quantity of heat 
equal to tho area under c.s, namely r l'(fa-if>). 
Hence tho total heat of tlio mixture at c is 

Ie=I w + T(</> - f/>„) 

or I c =I, 

Of these two expressions the second is tho 
more convenient, hoeuuso steam tallies generally 
give more complete sols of values of fa than 
of fa,,. 

Tho entropy </> of tho wet mixture is tho 
constant entropy uiulor which adiabatic ex¬ 
pansion has taken plaeo: it is to be calculated 
from the initial conditions. This method of 
(hiding tlio total heat, after adiulmtio ex¬ 
pansion, makes no assumption as to what 
tho state of tho steam was before expansion : 
it is equally valid whether tho steam was 
dry, wot, or suporheated to begin with. 
What is assumed is that after expansion tlio 
steam is wot, and that will in gonoral ho 
truo oven if there ho a largo amount of initial 
superheat. It is also assumed that tho vapour 
and liquid in the wot mixture are in thermal 
equilibrium. 

If tho fiteam is dry and saturated at tho 
beginning of the adiabatic expansion, its 
initial total heat is I fl) and tho entropy through¬ 
out expansion is equal to fa v Under these 
conditions tho total heat after adiabatic ex¬ 
pansion is 

I .| = I |2 “ T a ('/>,2 — < p , i ), 

and tho boat-drop is 

I*i - Ic—Ei - I.-a'k '4 2(^2 “ 'I 1 *i)‘ 

To take a numoricnl oxample, let tho steam 
ho supplied in a dry-saturated state at a 
pressure Pj of 180 pounds per square inch 
(absolute), and let it expand adiahatically to 
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11 I H ' <!H Huro I*,, of 1 pound per square inch, 
a<J wli icjli it in condensed. Willi these dal a 
w<) *''Kl from Callondar’a Steam Tables 

i ll at T, « 462“*58, T ,31 l". 84, ,j, n = 1 -6020, 
‘h: " 1 *11)724, l„, = (168-53, I M = 012*4(1. 

11 <*nno tho total heat after adiabatic ex¬ 
pansion to the assumed pressure of condensa- 
t i> > n in 

f -> « 12-6-311 - 8 ( I -6724 - 1 -6620) - 484-6, 

mid Llto beat-drop 

I.,,-!, =-.6(18-6-484-6 = 184-0. 

If we consider the Runkino cycle as a whole 
f lio fwut-pump term A (I’, - P 2 )V„, is 

(180 - 1)144 x 0-0161 

.1400 ■“ U ‘ ,tU * 

Doduoting this from the heat-drop we liavo 
IH3-7 pound-calories as the thermal equivalent 
"f tho not amount of work done in tho Runltino 

e.Voln. 

Tim boat supplied is 


l*i “ Iwa ~ A(I .’ 1 -1 * 3 )V tr2 

= 008-6 - 38-6 


0-30 —629-6, 


and tiliorefore the ellieionc.y of the Runkino 
oyeln in 


183-7 

629-6 


=0-292. 


TIiih figure would he seareoly altered if tho 
feed-]illmp term were left out of account. A 
Garnot cycle with the name limits of tompora- 
(iim would have the etlieieney 0-326. Tho 
dill'm-nnee between this ami 0-292 slows tho 
loss which resuMs in the kankino oyolo from 
not Hupplying all the heat to the host posaiblo 
thi-rniodynumin advantage, namely nt tho 
top of the temperature range. 

§ {r>) Raniunm Gvoi.m : with Wet Steam. 
■ In tlm Rankine cycle doneribed above tho 
idmuti was supplied to the cylinder in the 
dry-Maturated state. But the term “ Rankino 
oyolo ” is c(|iially applieahle whalover bo tho 
oondlfi<in of tho working substance on nd- 
iniueiiciti, whether wot, dry-saturnlcd, or supor- 
liontml. As regards the notion in the oylindor, 
nil that is assumed is that the substance is 
nilmittod at a constant pressure P,, is expanded 
mliiihatieally to a pressuro l‘ a and is discharged 
at that pressure, and that in the process there 
in m> inn infer of heat to or from tho motal, 
nor nny other irreversible notion. In theso 
nnnilitbJiiH the boat-drop in ndiulmtio expansion 
from 1 *j to l\, is the thermal equivalent of tho 
iiron jhvk in Fiff. l.and therefore measures the 
work i lone in the cylinder, no matter what 
Min nemdition of the substance on admission 
mny lio. 

A Kankino cycle for steam that is wot on 
mliniHsiou to the oylindor is shown on tho 
ontmpy-tomporaturo diagram by tho figure 
ah'rr. in Fiji- 6- The point b' is placed so 


that the ratio of the length a)V to ah is equal 
to 7 ,, the assumed dryness on admission. The 
line b'c represents adiabatic expansion from 
1 \ to Po, ce represents condensation at 1 \, 
and ea represents, ns before, the heating of the 
condensed water. The area with tho shaded 
boundary is the thermal equivalent of tho work 
done in the cycle. 

The total heat before adiabatic expansion 



Kui. 0.—ltnnklno Cycle with Steam initially wet. 


is I (r , + 7 ’|L, or I ,]-(1 and the heat 

supplied is tho excess of this quantity above 

I Ha -l-A(P 1 -P 2 )V„ 2 . 

Tho entropy </> during ndiabatio expansion 
is 

0 i»i + (7 iRi/Ti or (f>, L - (1 - YiJLx/T,, 
and tho total heat after adiabatic expansion is 
I*a ~ T 2 (0,3 — </>). 

Tho heat-drop is got by subtracting this from 
tho total heat before adiabatic expansion. 

Tho ollicicnoy (which, as before, is practically 
oqunl to tho heat-drop divided by tho heat 
supplied) is slightly less than whon the steam 
is saturated before expansion; tho reason 
being that tho proportion of heat supplied at 
tho upper limit of temperature is now rather 
less, because part of tho water remains uncon¬ 
verted into steam. 

As a numerical oxample l«*t the st- 

tho snmo limits of pi. 

oonlain 10 per cent 
Thou Qi is 0-9 and 
of tho mixture be 
I sl - 0 - 1 L,, iH 020-9. 

620-9 - 38-9 = 682-0. 3 
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Thu total heat after expansion !„* — T a (^) fla - </>) 


in 452*4 ; tho hunt-(Imp is therefore 1 (j8*o. 
Allowing for (ho feed-pump term, the efficiency 
in the complete Rnnhino cycle in 0-28A, as 
ugaiiiHt 0-202 wlion (hero was no initial 
wetness. 

In pmctico the steam supplied to an engine 
would he wet only if there wore condensation in 
the sloum-pipo, such ns would occur if the pipe 
wore long or, inaufiieiontly covered with non¬ 
conducting material, or if fcho boiler “ primed.” 
1 * 1:1 ming is a defective boiler notion which 
causes unovapomtotl water to pass into the 
Htcnm-pipo along with the vapour. The above 
example will slvmv that a moderate amount 
of wetness has no more than a small effect 
on the ollioionoy of fcho RanUino cycle. But 
its practical ofleet in reducing the efficiency 
of an actual engine in much greater, because 
the prosnnoo of water in steam increases the 
exchanges of bent between it and tho inotal 
of tlio cylinder, and consequently makes the 
real action depart mi*ro widely from tho 
adiabatic conditions which are assumed in 
tho ideal operations of tho Uankino cycle. 

§ ((I) Ranicini: Cycjlu; Sui-buhbateji Steam. 
—On tho other hand, if tho steam ho super¬ 
heated boforo it outers tho engino, tho ex- 
clningoa tif heat between it and tho metal 
arc reduced i tho notion becomes nioro nearly 
udialuitic, and tho performance of tho real 
ongino approaches moro closely tho idea! of 
the Rtnikimi oyclo. This is tho chief reason 
why Huporhoating improves tho efficiency of 
a real ongino of the cylinder and piston typo. 
In Hleam turbines also it is bonefieia!, partly 
for the name reason, and partly because it 
reduces internal friction in tho working fluid 
by keciiing the fluid drier than it would 
otherwise he during its expansion through 
tho successive rings of libidos. Huporhoating 
is now very generally employed in steam 
engineering.’ It is therefore important to 
consider tho Runkino oyclo for steam that in 
initially wiperheated. 

In the entropy- temperature diagram, buj. 7, 
he lino W roproHouls tho process of supor- 
icating steam that was dry-saturated at b. 
During this process its entropy and its lom- 
pemturo both incirenso, and when the pressure 
ami tomporature at any Hinge in tho snper- 
heating are known tho corresponding ontropy 
is found from tho tables relating to super¬ 
heated steam. If wo nssumo that tho pressure 
during Huporhoating is constant, and equal 
to tho holler pressure, tho lino bl>' is an exten¬ 
sion, into Hie region of superheat, of tho 
ounstnut-presHuro lino rib. During tlio process 
of mipnrlieating the a team takes in a supple¬ 
mentary quantity of boat equal to tho arotv 
' the curve hb", monsured down to tho 
-* am nl v vhh'n’. Thin mtantity of 
hies, being 


equal to the excess of the total heat I// over 
that of saturated steam of the same pressure. 
Calendar's Tables givo values of the total 
heat of superheated steam, ns well as its 
entropy, for a wide range of pressures and 
temperatures. During the subsequent process 
of adiabatic expansion 6V the steam loses 
superheat, and if the process is carried so far 
that tho adiabatic lino through 1/ crosses tho 
boundary curve, it becomes saturated and 
then wot, and tho final condition is that of a 
wot mixture at c'. The total heat of this wet 



mixture may ho found by tlio method already 
described. 

Tho work done in the llankino oyclo as a 
whole is tlio area caMV, and tho heat taken 
in is tho area kabb'n'. Both these quantities 
are readily calculated without tho help of 
tlio diagram. To find tho work done in tho 
oyclo wo have only to calculate the heat-drop 
during adiabatic expansion, namely I//-!<?'» 
and Rubtrnot from that the small tonn which 
is the thermal equivalent of tlio work done in 
the feed-pump, namely A{P 1 -r.j)V, ia . Tho 
heat supplied is 

ll/ - I if a - A(Pi-F 8 )V h8 . 

Ah a numerical example wo may again tnlco 
P, = 180 and P, = l, and assume tlmt super- 
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n-nlmg jn carried ho far as to mine, the tempera- 
lun. <»f the Hteam to -100° C., which is a limit 
vory rarely exceeded in practice. As a rule the 
omptMUturo after miporheating is oonsiileiuhly 
lower than thin. With these data the steam 
I aides uliow that the total heat of the super- 
heated nt.eai» in 780*8 anil its entropy is 1 *701)3. 
The hunt supply in 780*8 - 38*9 = 741*0. After 
ndiahatio expansion the steam is wot, and 
ilH total heat, whioh is - T.,(Wi - ■/.), is 
^ 17 12. The udiiihatio heat-drop "is thorofore 
23341. 

If wo deduet the small feed-pump term 
( l|, 3) tho oMioionoy of the eyelo as a whole is 
233*3/74 1*9 -0*314. 'I’his is rather hotter than 
the liguro for Haturaled steam (0*292), heeauso 
ii portion of the heat is now supplied at a 
higher temperaturo. Even with tho extromo 
iimnunl, of superheating, however, whioh is 
minmued in this example, tho main part of 
tho heat in still supplied at tho temperature of 
iiaUimtion, and Ihorofni'o there is no great 
gain in theorelieul ollieionoy as expressed by 
tho ideal liguro for the Rnnkiuo cycle. Tho 
pmolieiil advantage of siijiorheuting i,s much 
mine otmsUlomhlo, for reasons which have 
ulmidy heeii iiidirated, than might ho expected 
from Itiis emupariiKm of tho two ideal oyolos. 

VVlialovnr (ho initial stale he, whether 
dry - su turn tod, wet, or superheated, the 
mlormil aetiou of the working suhslaneo in 
lilt* liunkino cycle is reversihto. 

§ (7) Rank ink Gvri.K Rkvkuhiiili*:.— An 
idonl ongine performing n Rnnkiuooyolo may he 
ivgu.ii lot I mi a strictly rovorsihlo engino taking 
in boat at various temperatures and oon- 
cf(|utuitly cx true ling the greatest possible 
jininiinl of work out of erndi element of tho 
himl> Hupplied, having regard to the lotnpom- 
tuiv at wiiieli the uloiiient of boat was supplied. 
In the heating of the fred-wntor a part of tho 
limit, supply is (alum in at temperatures ranging 
from T a to T,. But any element of heat, 
lahou in at a leMiperaluro T, nets ns efTlciontly 
uu it would do in a ('armit oyolo : tho ollicienoy 
of conversion of Hint element is equal to 

T-T, 

T • 

(,'miiit‘i|UeuMy the general oflleicnoy of an ideal 
engine working on tho Rnnkiuo eyelo is tho 
liigliunt poHsilile dlieioney that is compatible 
with the condition that the substance is to 
he completely condensed at tho lowor limit 
nf l.ein|iemtiiro and returned to tho boiler 
by n. nopnmto ]imii]>, instead of having its 
eyelo completed hy adinbatio compression ns 
in tho engine of (Jurat)t. In othor words, 
the work which tho steam does in tho cylinder 
of an idea! Run kino onglno is the greatest 
amount of work that can conceivably be done 
hy till) Hlfn m in passing through any engine, 
of whatever typo, having regard to tho 


temperature at which the working substance 
has taken in its beat, and to the temperature 
at which it rejects heat during its complete 
condensation before being returned to the 
boiler, lint wo know that this work is 
measured by the adiabatic heat-drop. Con¬ 
sequently the adiabatic heat-drop measures 
the greatest conceivable performance of the 
steam in passing through any engine (includ¬ 
ing any engine of the turbine type) when the 
conditions of supply and of condensation are 
assigned. 

Whatever, therefore, be the nature of the 
engine, the adiabatic heat-drop serves as 
an ideal standard with which to compare the 
actual performance. Thus a steam turbine, 
equally with an engine of the cylinder and 
piston typo, cannot exceed ahd necessarily 
falls Bhort of tho ideal performance as measured 
by that heat-drop. In the design of steam 
turbines tho calculated value of the adiabatic 
boat - drop, after making a deduction which 
is determined by experience with similar 
machines, accordingly forms the basis on 
which tho designer estimates the performance 
to ho exacted. Tests of good engines show 
that in favourable cuscs about 70 pet* cent of 
the adiabatic heat-drop is actually converted 
into work. 

To ucoiiro high efficiency there nro obviously 
two sopurntc conditions to ho aimed at: (1) 
that llioro shall ho a large heat-drop in com¬ 
parison with tho bent of formation of the Btcuni; 
in other words, a high ideal cfllcioncy; (2) that 
tlioro shall bo n largo Efficiency Ratio, As 
regards tho ideal efficiency, it is important to 
notice that while sonio advantage is obtained 
by increasing tho admission pressure, a far 
greator ndvnntngo is obtained by lowering 
tho exhaust pressure. 

That this is so will bo clear from the follow¬ 
ing tabulated results which relato to saturated 
steam. Tho first tabic shows how the adia¬ 
batic heat-drop and tho efficiency of tho 
Itankino eyelo are affected by taking different 
initial pressures, ranging from 100 to 300 
pounds por square inch, but with the same 
pressure of exhaust throughout. 


Rankine Cycle for Saturated Steam. 
Refect of varying the Initial Pressure 


Inlllnl Press¬ 
ure (pomuls 
|i«r squaro 

tilth, 

absolute). 

Heat-drop 
to .i Final 
Pressure of 

1 11). per 
Erpinro Snell. 

Work (lout- 
pur lb. «>( 
StcAin, nllow- 
inji for Work 
spent in 
Feed* pump. 

Biiyplkil 
pur lb. of 

8 team. 

Efflcltlicr 

of tho 
Ilanklno 
Cycle. 

300 

202*0 

lb. calorics. 

201*5 

lb. c.itorlea. 

634*8 

0*317 

200 

107*0 

106*0 

633*4 

0*310 

220 

101*1 

100*8 

031*7 

0*302 

180 

184*0 

183*7 

620*0 

0*292 

140 

170*0 

174*8 

020*8 

0*279 

100 

102*0 

102*8 

023*0 

0*261 


3 I) 
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Emm tiicHO results it will 1m apparent that 
when the admission pressure is high very 
little improvement in the efficiency is brought 
about by oven a large inoronso of prcssnro. 

§ (8) flnm Vaoiu/m.—O n the other hand, 
it in of great advantage to have what engineers 
rail a “ high vacuum ”—that is to say, to 
make the pressure of condensation ns low as 
possible. Jf a high vacuum can bo effectively 
utilised wo obtain from the 
steam tins work which it is 
capable of doing, during the 
hint stages of the expansion, 
w h o n its 



prossuro is 
low and its 
volume is 
very largo. 
The following 
Fin. H.—Indicator Diagram for Ideal table illus- 
Knglncwith lmMuiiplotoExpansion. tratos the 

gain in heat- 

drop and in oflioionoy that results, in the 
Kan It inn cycle, from reducing the lower limit 
of prossuro, In this example tho admission 
pressure l\ is assumed to lie 180 pounds per 
square inch, and only I’j iB Altered. 

Hanktnk Cyomi for Satijuatkij Stkam. 
Ekkbmt of varyi no thu Fin-at, Pmkssuuk 


I’lltnl I'rwH. 
mn ||iimmlA 
1101 n.iunro 
ImOi. 
nloulu to). 

|[o:ililrii]i 
Irwlil ait 
Initial I'kwi- 
nvoi.l ISO 
imillila |l!'T 
K<l<iarc liii li . 

Work iluiiu 
lair lb. of 
NU'inn.MImv- 
IliK fur Work 

in 

>Vr-l-|iuiii|i. 

If,-at 

IM’I- III. Of 
Stcnui. 

Rindniiuy 
-I tin’' 
H-iiiklno 
Cycle. 

4 

II). rnlnrlCM. 

M4-r» 

!l>. em|mi |im. 

141-2 

III. caEurli'*. 

50M 

0240 

3 


1012-8 

<107 -r> 

0-251 

o 

1114-0 

MI-5 

(HIM 

0-257 

1-1) 

1711-0 

172-7 

021-8 

0-278 

1 

min 

IHU-7 

021)-fl 

0-202 

0-5 

201-H 

201 -fi 

0-12-0 

o:ii4 


The Inst ligure corresponds to a vacuum of 
noarly 21) inches of mercury with tho barometer 
at U0 inches. 

To secure) in a real ongino tho full hcnofit 
of a high vacuum tho stonm must con¬ 
tinue to do useful work in expanding 
down to tho pressure at which oondensa- 
lion is to take pi nee. In engines of the 
oyliiulor uml piston typo this is impmoti- 
oftlilo for two reiisons: tho volume of 
the stonm bcoumoH excessive, and tho 
mechanical friction of tho piston against 
tho cylinder becomes relatively so great 
as to absorb all the work done in the final 
stages. Hut with the steam turbine these 
considerations do not apply; tlioro is 
tin'll nothing to prevent tho steam from 
continuing to do usoful work as it expands 

■■Hire of tho condenser, 
-dingly tnkon to 
mdensor of 


a steam turbine. It is largely for this 
reason that good steam turbines aohiovo 
in practice a greater efficiency than even 
tho best onginos of the cylinder and piston 

type- 

Whon steam is released from tho cylinder 
at a preasnro substantially higher than the 
pressure in the condenser its expansion is 
said to bo incomplete. ’ Tho effect is to lose 
avnilablo work represented by tho toe that is 
cut off tho pressure-volume diagram, as in 
Fig. 8, and to make a corresponding reduction 
in tho efficiency. Release takes plnco at c 
and the pressure falls to / while tho piston is 
stationary. 

To exhibit incomplete expansion on tho 
ontropy-tempornturo diagram, imagine that 
instead of lotting part of tho steam escape 
from tho oyliiulor by opening tho exhaust 
valve, wo produce tho same effect within the 
cylinder itself by applying a rocoiver of heat 
which will bring tho pressure down to tho lower 
limit P 2 , by causing part of the contents 
to condense before tho piston begins its return 
stroke. Tho piston being stationary, tho 
volume of tho working substance docs not 
alter during this process, If wo imngino tho 
rceoivor of heat to havo a temperature which 
fulls progressively from that of tho steam 
at c to tho final temperature (T a ) at /, this 
removal of heat takes plnco reversibly. Tho 
work done by the steam is not affected by 
substituting this revorsihlo process for the 
action of tho condenser, bocauso tile pressure 
in tho cylinder is in no way altered by tho 
substitution, hut wo aro now able to draw a 
curve that will represent tho process on tho 
entropy.tomponituro diagram. 

Tliis is done in Fig. fl, whoro tho ourvo 
cf represents tho condensation of part of tho 
steam at constant volume, while tho piston 
is at rest before beginning its return stroke, 
Tho constant volume in this process is to ho 
reckoned per II). of stonm : it is the volume 
of tho cylinder divided by the quantity of 
tho working substance in it: in other words, 



FlG. 9,—Entropy-temperature Diagram for Ideal 
Engine with Incomplete Expansion. 

it is tho volume per lb, of tho wet steam at c. 
Call that volume V c . Than at any level of 
tomporaturo snob as gih, a point i on tho 
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T»»< 


volume curve which represents the 


found by talcing 


r/i _ V,. 

V/ t in the volume of l lb. of Hat muted 
p 111 that temp oral. uro. The area of the 
tdi . ! ° ' v ltliin the shaded lines represents the 
c C(|uivalont of the work done in the 

ou'-V' oyele. The corner cut off by the 

^ v ° r S allows what is lost by incomplete 
!>*Uiaioii as compared with tho work done in 
,v -W-a-rtlcino cycle. 


mental importance not only in judging how 
far the ideal standard of eflicicnoy of an 
engine under design will be affected by changes 
in the boiler pressure, in tho temperature of 
superheat, or in the condenser pressure, but 
also in comparing the actual with tho ideal 
performance, of nil engine under test. When 
steam tables such as Calendar's are available 
tho adiabatic heat-drop between given initial 
and terminal conditions is readily calculated ; 
but it may also be very conveniently found by 
direct measurement from tho 31 oilier chart of 
Total Heat and Entropy, briefly described in 


800 



(O) Tot.u, 11 hat. Entropy ('hurt. — It 
hiiH l»*!«vii pointed out above that Urn ndia- 
l.»n.tic> luuit-drop, that is to say, the loss of 
tola! lumfc which the steam would undergo 
if It xvoro to expand adiabatieally from tho 
coiuHtiou at which it enters tho engine to 
tho fcojnporatiire at which it lonvos the engino, 
inoaHiires tho greatest amount of work that is 
ideally obtainable from it in passing through 
trlio eiiginc when these conditions as to entry 
txix<l ox it am assigned. This is truo of an 
on gino of any type: it applies to the steam 
turbine no loss than to tho reciprocating 
ongino. To determine tho adiabatic beat-drop 
f __ 3 .J, for a)iy assigned conditions of entry 
ix in l ox it, i« accordingly a matter of fumln- 


“ Thermodynamics," § (42). Tho useful part of 
that chart for steam is given (on a small 
sonic and in skeloton form only) in Fig. 10. 
There the adiabatic -boat-drop is simply 
measured by tho length of the vortical lino 
which represents a process of adiabatic ex¬ 
pansion ( 0 =s constant) from tho condition 
of tho steam ns it enters tho engine to tho 
condition under which it is condonsed. Tho 
advantage of a high vacuum is apparent from 
tho effect which a low final pressure 1 ms on 
tho length of such a lino. Any process of 
throttling, such ns steam undergoes when it 
passes to a region of lower pressure through a 
reducing valve or other constricted orifice, by 
which eddying motions are sot up, the energy 
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of which takes the tni'in nf bent an the eddies 
■subside, may he shown on the Mollicr chart 
by a horizontal lino (\ - eon stunt). The 
oil'cet of such a process is slightly to dry 
Hleam that is wet, and to superheat atcam 
tlmb is initially dry. At the samo time the 
Hi on m, if initially dry-saturated or super¬ 
heated, heroines slightly cooled. These effects 
of throttling will lie apparent when a hori- 
/.I in tat line in drawn in the figui-o, from a 
point representing any condition of the steam, 
wot or (by-saturated or superheated, in 
the direction to the right, which corresponds 
to increase nf entropy. Tiio oiTootu of a 
throttling process or of any dissipation of 
energy through friction in the movement of 
a fluid are to ineronse the entropy. Thoy aro 
thormodynaniieally disadvaniugcous because 
they involve irrovorsihlc changes of state. 

Hudh elTeutw occur to n greater or less 
degree in the action of any renl engine or 
turbine and constitute one reason why tho 
actual performance fulls short of tho ideal. 
In the steam turbine they form a chief sourco 
of thermodynamic loan : in tho reciprocating 
engine they ura less important. lint oven in 
the simplest form of rooiproonting engiuo 
Ihnro is seme frictional loss in tho steam- 
pi pcs and passages (including leak ago through 
imperfectly working valves), and in tho oom- 
potmd engine, wlioro tho expansion of tho 
Hi earn takes placo in turn or more stages, tho 
transfer of tho partially expanded steam from 
one cylinder to tho next of the series involves 
a further loss of tho same kirn). 

§ (10) iUui.TUM.K Expansion. —Thoro aro, 
however, good reasons why, notwithstanding 
this fact, engines which divide tho whole 
oxpaiiHion into threw or four Htaigcfl (called 
triple - expansion and quadruple - expimsion 
engiucs) me practically more oiTioiont in the 
hcuho of coining nearer to the adiabatic ideal. 
Tho main mason is that a division into stages 
reduces an other soureo of loss, namely tho 
loss that arises from exchange of heat between 
the working steam and tho metal surfaces 
with which it comes in contact. In any 
rooiprofiting engine the losses duo to this 
cause art) substantial. .Steam entering tho 
oylimlor comes hi contact with surfaces which 
ha,vo been chilled during tho later stages of 
tho pvoviiniH stroke when tho cylinder ^ was 
full nf wot steam at a lowor prossuro. Some 
(if tho ontcring steam accordingly condenses 
on tho exposed surfaces, forming a layer of 
water which is at least partially ovaporalcd 
later when tho pressure 1ms been reduced 
by expansion. This action, which goes on 
iti every stroke after a uniform regime lms 
attained, makes the exchange of boat 
• w.M-lrln«» fluid and tho metal 

'* tho fluid wore a dry 
'< ‘ largely from 


the ideal action, which is adialhmnnl, and ns 
the oxclianges of heat take place irreversibly 
thoy involvo thermodynamic loss. Initial 
auporlicating docs a good deal to reduce this 
loss and consequently improves the oflie.icncy 
ratio. By limiting the amount of the expan¬ 
sion in any one cylinder and so avoiding 
extreme variation of temperature on the part 
of each metal surface, tho loss can be kept 
within bounds : hence tho practical advan¬ 
tage of dividing the expansion into stages, 
Tim number of such stages will depend on the 
boiler pressure: with tho highest pressures 
that are used in marine practice quadruple 
expansion is more economical than triplo 
expansion, and triplo expansion greatly more 
economical than expansion in two stages. 
In this connection reference shuuld ho mado 
to an elaborate investigation by Professors 
Callcndnr and Nioolson of the exchanges of 
heat between tho steam and tho cylinder wall 
(Min. Proc. Inal. O.E., 1897, cxxxi.). 

In tho Btcum turbine losses from this soureo 
aro comparatively small, although tho ex-- 
pansion is continued to lower temperatures, 
for no part of tho internal surface is subject 
to poriodic fluctuations of tompornturo such 
as occur in tho working of a cylinder and 
piston. Thoro is, of course, some loss by 
conduction to the outsido} but tho main 
loss is that which may ho comprehensively 
described as duo to fluid, friction. Omitting 
tho (small) loss of heat by conduction, at any 
stago in the passage of the fluid through tho 
tuvbino, when expansion 1ms occurred down to 
any given prossuro, tho fluid has Buffered less 
drop of total boat, than it would have suffered 
had there been no Motion. Thoro is less 
useful meohanioal ofToct; but thoro is more 
intornal energy loft in tho fluid, and tho 
volume is greater, than if Micro bud been no 
Motion, for the heat developed by Motion 
goes to increase tho 
A |—-——\B stock of intornal energy. 

V In a turhiuo such ns Par- 

\v sons’, wlicro tho stages 

arc very numerous, tho 


D c d 

rio. li. 

whole process is made up of a series of small 
stops which may bo approximately represented 
by a continuous ourvo on tho pressure-volume 
diagram or on other diagrams. A diagram such 
us Fig. 11 then roprosonts tho comploto notion. 
Tho outer curvo BC' is a continuous lino drawn 
through points whioh represent tho volumo 
of tho steam at tho beginning of caoh stage. 
Tho difference between it and the ndiabatio 
curvo BO shows how tho volumo is increased 
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of the internal losses. Tho area 
All{;i> T«|in?HonlH i.ho ideal oulput of work 
wlindi Avuuld ho obtained if (ho adinhatic heat- 
‘ '“I 1 _I a worn fully utilised. The greater 
area A. HO' I.) does not measure an actual 
output of work, but an artificial quantity 
which may he called the “gross apparent 
work. ” ()f tliin gross apparent work a part 

1H beinj, contiiuamsly reconverted into heat 
as tho expansion proceeds, namely a quantity 
Hiiiliciorifc to supply enough heat to bring the 
o.\ pmmion curve out from 'MO to BO'. At the 
end of plus operation the not amount of 
work clone by the steam 
Hdinl»itl.io area A MOD In 
valent of I' a -1 a , where 
total float at O' and I„ ii 
beat ivC. (!, if wo assume 
Mint ( Iumo in no escupo 
of Imat by condut 
and nine no 
approo iabIo 
kinetic; energy 
in tin; ntream 
of Httut.ru which 
is finitlly dis- 
clmr^tstl ‘ from 
tho Lu rhino. 

In that case tho whole actual hoat-drop 
convorfcod into work, and tho fraction 



Fra. 12. 


Vi ~ 


ii-n 

i,-i a 


e.KprcniHtm the theoretical eflloiency ratio of 
tho Lurhino ns a whole, namely tho ratio of 
tho work done on the rotor to tho work 
id (Hilly obtainable by adiabatic expansion 
Uiroupcli the same range. 

g (11) Tonm nkm. 1 .Tho Hiiocossive steps in 

the nolJnn of rniy com]>mmd turbine arc most 
clearly shown by using tho Mollior diagram 
of entropy and total boat, in tho manner 
illuHl.i'itliid above in Fig. I '2, whore semo of 
the uiirly singes are shown for a turhino sup- 
pliiul with superheated steam. In the first 
Htnjgo the pressure drops from p, to in 
the Hiujond stage from to j» a , and so on. 
in t-lio first stage, adialmtie oxpunnioii from 
p, to would lie represented by «jCj, and 
tl hi Inngth of that line would he a measure 
of tiro adiabatic heat-drop, but tho notual 
hent-ilmp in a smaller quunlity equal to the 
long tl i «,/([. Assuming no less of heat 
by"«o.i uhiolioii, the length «,i», moaBiircs tho 
limit eon verted into work while the steam 
pUHKOH through the first stage. Tho condition 
of tho Htoinn at the end of tho first stago and 
beginning nf the socond is represented by 
the jn>.int tt a , which is found by drawing a 
lino of constant total heat through b l to 

i also nr Helen " Kfcfiiun Turbine, Tiro Physics of 

pie ; * A Turbine, .Development of tho btomn. 


meet tho constant-jrressure curve p 2 . In 
tho second stage, adiabatic expansion would 
give tho line ti. 2 c 2 . The actual heat-drop, 
which is a measure of the work done, is tub.,, 
and tho condition of the steam ns it passes on 
to tho third stage is represented by a s . 
Similarly in tho third stage the work done is 
ii :t b 3 , the steam passes to the fourth stage in 
tho condition «„ and so on. The diagram 
shows the process of expansion by stages 
down to the boundary curve; it is readily 
extended into the wot region. In each stage 
the fraction abjac measures tho ratio 
of tho work done to tho adiabatic heat- 
drop for that stage. The points 
«], m, etc., lie on what is called 
the “ curve of condition,” a curve 
showing what the stato 
of tho steam would ho as 
it passes from stage to 
stage on the 
assumption that 
no heat is lost 
to tho outside. 
Tho curve of 
condition con¬ 
sequently corre¬ 
sponds to the 

outer curve BC!' of Fig. 11. Tho total work 
done on tho rotor is the sum of tho amounts of 
work done in tho successive stages, namely lab. 

Taking any stage of a compound turbine, 
tho ratio of the work done, to the adiabatic 
heat-drop in that stage, may bo called the 
stage cfjiciennj and denoted by ; thus 
ab 


Tho total work done on tho rotor 
lab=l Vt [ac), 

and if »> s can be treated as constant from 
stage to stage, 

2.'«6=7/ 1 Sac. 

In a compound turbine tho quantity lac is 
greater than tho whole adiabatic heat-drop 
between the initial and final pressures I x - I a 
to an extent that dopenda upon the stage 
efficiency. Tho ratio 

lac 


®"~T I 

h “ i a 

is called tho Reheat Factor. Tho rollout factor 
is relatively high when tho stage-efficiency is 
low, or, in other words, when there is much 
loss through irreversible action within each 
stage. Referring to Fig. 11, tho reheat 
faotor is equal to tho ratio of tho area ABC'D 
to tho area ABCD. 

If wo may treat >/ a ns constant, wo have 


V,'& = 


77,2a c _work done on rotor _ ^ 
Ii - I a ~ adiabatic heat-drop 
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midm: llio conditions postulated, w-Iiieli make 
llut actual hoiit-drop a measure of the work 
i lone tm llio rotor. 

Ii’roni the equation iff— jj„R it will lie 
Kern Hint in a compound tuiliino i} t is greater 
liiiiti Hie slnge-eHieionciy sinco R is greater 
Hum unity. 

Tim foregoing expressions involvo the pro- 
vino iliiit there in no leakage of heat. But 
when thorn is leakage of lient, or appreciable 
kinetic energy in the steam at its exit from the 
turbine, the actual heat-drop Ij ~ I'.j includes 
a quantity representing the loss due to those 
causes, in addition Hi llio work done on the 
rotor, lad. Hint loss ho expressed as a fraction 
of llio adiabatic heat-drop, namely 

a:(i,-:r a ). 

Then It - I'a "»(fi - I2) 

Is that part of the actual heat-drop which is 
converted into work on llio rotor. 

11 oiicc, allowing for this loss, the not or real 
oMeloncy-iulio of tho lurhine becomes 

The amount nf work obtained from tho steam 
jh tliei-efore 

(?/f — ;r)(Ii —Ia)« 

Writing y,. for tho real oflicicnoy-ratio, 
ilH relation to tho other quantities is given 
by tho equation 

y,~-Vt -x-y,[K~x. 

In tho process of designing ft turbine a 
value is estimated for the slage-oflioicnoy 
?; t ; (lien tlio curve of condition is deduced, 
which uIIowh Hie rolieat factor to lie found, 
and also (lie probable volume and velocity of 
(lie stealii at onoli singe. 

These aoiuiiderations apply to the complete 
notion of the steam in passing through tho 
turbine, from the point of admission to tho 
point of exhaust. Considered in detail, tho 
notion taken place in a scries of slops, in each 
of which the steam expands in hucIi a manner 
ns to form a jot, or more usually a group 
of many jets, in which the stream acquires 
kinntio energy as a eensequonco of its expan¬ 
sion, and thin Uinatin energy is HuliHoquontly 
given up to rapidly moving blades which aro 
enrrlod by the inter. An account of tho action 
will ho found in tho article on Stoiun Tur¬ 
bines ; all that lined bo added hero on this 
point is to sketch the bhoniiodynamio theory 

c .1.- r- ,i — r ‘ ’ team or any 

a nozzlo, or 
,, forming a 
filled by tho 


§ (12) Theory ov Jets. 1 —Suppose steam or 
any other gas to be flowing through a nozzle 
from a region where tho pressure is 1 > 1 to a 
region where it baa tho lower value P a . To 
simplify matters wc shall assume that the 
process is adiathermul, that is to say, that no 
heat is taken, in or given out by conduction 
during the flow. In consccjucncc of tho fall of 
pressure each element of the stream expands 
while it advances, and the work which it 
does in expanding gives energy of motion 
to tho element in front of it. The steam 
therefore acquires velocity as it proceeds 
through tho channel and also increases in 
volume. Imagine two partitions A mid B 
across tho channel, taken perpendicular to 
the direction of tho stream-linos, A being 
in tho region of higlior pressure. Lot J? 0 , 
t> (( , V„, and E„ represent respectively tho 
pressure, the velocity, tho volumo of unit 
mass, mid the internal energy of tho fluid, 
at A, ami lot P 4 , v t „ V,, and Ej, represent 
the corresponding quantities at 11. In flowing 
from A to B each unit of mass gains kinetic 
onorgy by (lie amount 

Vb 2 -%* 

It losos mlornal onorgy by tho amount E„ - E,,. 
As it cntoi's tho spaco between A and B it 
has work done upon it by tho fluid behind, 
equal to PflV,,. In passing out at B it docs 
work on tho fluid in front, equal to l^V^. 
Hence by tho conservation of onorgy 


~“Vff~ =K ~ 356 + P “ V “ “ 

]lnt 10, ( -l- P„V„ is I„, tho total heat of tho 
fluid at A, and 10,,-I- I^V,, is I 4 , the total 
heat at B ; consequently 


or tlio gain of kinotio energy, in adiathormal 
flow through a nozzlo, is measured by tho 
heat-drop. This applies as botweon any two 
points in the flow; and for the wholo passugo 
from (lie region of pressure ]?, to tho rogion of 
pressure P 2 wo have 


When, as frequently happens, tho initial 
velocity is sensibly zero, wo accordingly havo 


ns tho fundamental equation for finding tho 
velooity v wliioh an expanding fluid acquires 
in a jot, starting from rest. . 

1 Sico also articles “ Stonm Turblno, Tho Physics of 
tlio” j ‘‘Turblno, Development of tho Steam.” 
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So Ear there has been no assumption as to 
absence of I oases through friction or eddy 
ourrouta, If wo now asm urn; that there is 
no such loss, tho heat-drop I, - I., is to bo 
interpreted as the adiabatic heat-drop which 
tin; lluid undergoes in expanding without 
change of entropy from l\ to IE. .Km- steam 
this hunt-drop may lie determined from tho 
tables or measured from the Mollier diagram, 
ft lias been shown (“ Thermodynamics,” 
§ (!18)) that the adiabatic heat-drop is equal to 
the area of tho ideal indicator diagram A BCD 

(Fill. IS), or ji'Vttl*, which represents tho 

largest amount of work obtainable in expan¬ 
sion between these 



work takes tho form of kinetic energy on tho 
part of the stream as it issnoH under tho 
final pressure J.» a . Wo therefore hove, in tho 
ideal eaao, 

S» „ 1 * Vdl\ 

Expansion along the adiahatio onrvo JiC 
may generally ho expressed by a formula of 
tho' type 1‘V*-“constant, where \ is a 
constant ihdox. Then 


/• ,:, we^V( PiVi -,v 3 ) 




1- 

(fr) A 


Ui/ 


l\V v 


X 

T-i 

Hence when an expanding fluid starts from 
rest, at tho initial pressure to form a jot, 
wo obtain 

;\ -1 - 


v\ 

V 


X 

: \-i 




L’iV, 


as an equation from wliieli to find tho velocity 
v when tho pressure has fallen from IT to any 
Jowor pressure I', under tho assumed condition 
of Irietioiiless flow and no conduction of heat. 
It is convenient to write Z for tho ratio in 
wliieli the pressui’o lias fallon, P/I’j. Tliis 
gives, for the velocity at any stage, 

and for tho volume of-tho steam (por unit of 
mass) at any stage 

v- JYi-. 

As tho flow along tho nnaalo proceed^ 7, 
hcoomoB less, and v and V both inorcaao. Tho 


proper form for tho nozzle depends on the 
relation of V to v. Writing A for the cross- 
section of the nozzlo at any point, tho volume 
passing per second is t»A and tho mass Q. 
passing per second is «A/V. This is the snrae 
at all sections: houeo A is equal to QV/n, 
and its value may accordingly he calculated 
for any assigned value of' 'A, when the index 
X is known. For air tho value of X is approxi¬ 
mately 14, for dry steam !•*!. 

On making this calculation with values of 
Z gradually decreasing from unity, to corre¬ 
spond with successive stages in the expan¬ 
sion of steam nr air through a nozzle, starting 
from rest, it will he found that. A, wliich is 
proportional to V/», at first diminishes, then 
passes a minimum at a certain value of 
and then increases as the pressure continues 
to fall. Hence when tho total drop in pressure 
is largo, the proper form for a channel for 
adiabatic flow is at first convergent and 
afterwards divergent: in other words, tho form 
that will allow the hent-drop to bo applied 
to tho best advantage in giving kinetic energy 
to tho stream is one in which tho nozzlo 
at first contracts to a narrowest sootion or 
“throat” niul afterwards expands to an 
oxteut that depends oil tho ratio of tho initial 
pressure to tho pressure against which tho 
stream is to ho discharged. 

If that ratio is nut largo the convergent 
portion of tho nozzle only is required. When 
tho whole drop of pressure is divided into 
many successive stages, this is the case: each 
of tho blndo-channels in a l.’arsoiis' turbine, 
for example, is convergent throughout its 
course. But in Do Duval's turbino, whero tho 
whole nvuilublo drop of pressure may bo 
utilised 111 a single stop, tho nozzlo takes 
the oimvergeiit-divorgont form. Tho throat, 
whore A is a minimum, is approached by a 
rounded ontrnuco which allows tho stream¬ 
lines b) converge, and from tho throat to tho 
discharge-end the nozzle gradually oxpands, 
gone rally as a siinpio cone, until nu area of 
section is reached which is appropriate) to 
tho final value of the pressure-ratio Z. The 
divergent taper from tho throat onwards is 
made suffloioiitly gradual to preserve stream¬ 
line motion as completely as is practicable. 

From tho foregoing equations we havo 

which may ho applied to ealculato tho proper 
sootion A for a given discharge Q, at any 
place where tlio pressure has fallen from the 
initial value I*! to tho value ZP,. For tho 
purpose of designing a nozzlo there are two 
places where this calculation 1ms to bo inn do, 

| namely the throat and the end whore dis- 
I charge occurs. At tlio discharge-end Z is 
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known, being tho ratio of tins hack-pressure, 
against which the Htieani is to In) discharged, 
to the initial pressure, Wo liavo to find Z„ 
namely the rutin at the throat, ami this is 
determined from the consideration that at 
tlin throat Q/A in a maximum. The ubovo 
eiIllation may ho written 


K/^ y (?-")• 

Uonco {by differentiating) tho condition for 
a inaxiinuin in found to bn that 

which given 




Thin in Hoinnt Sines called tho critical ratio of 
pressures in tho expansion of a jot. 

Wluai A is 1 •<(, ns it is in air nml othor 
nearly perfect gases, we have Zj.-O-fias. 
When \ is Ml, «h it in in dry steam, / is 
0 -fi‘lf). 

It follows that for a dry steam jot tho 
channel should bo entirely convergent so long 
as tlic back-pressure is not loss than (Midfl Pj, 
but. when Um Imek-preHsuro is leas than this 
Micro slioulil ho a throat aiul a divergent 
ox tension boyoml tho throat. 

Substituting the above expression for Z, 
in tho expressions already given, wo obtain, 
for tho pressure, volume, velocity, and section 
at the throat, 

A 



\ i-iy\-T 


v.-*vv,e-si) 



a ..VI / 2 \a-1 / ~ 

A," Vi \-\T1/ V (\-l- J)\Y 

Tim proper area A at any place whore tlie 
]mosaic-ratio is 'A is related to the throat- 
area A, and tho throat pressure-ratio 'A, by 
the following expressien, whioli is readily 
found from tho foregoing : 

2 A-l-1' 2 l-A 


A a * 

Af' J li.A±* 

Z*--Z A 



This is convenient in determining tlio final 
area of sention that should ho provided when 
the hank-press urn is assigned. 

It follows from these equations that tho 
discharge through a given orifice under a 


given initial pressure P, depends only on tho 
cross-section at the narrowest part of tho 
orifice, and is independent of tho back-pressure, 
provided the buck-pressure is not greater than 
Z ( P r By continuing tho expansion in a, 
divergent nozzle after tho throat is passed, 
the amount of tho discharge is not increased, 
but the fluid acquires a greater velocity before 
it leaves the nozzle, because the range of 
pressure which is effective for producing 
velocity is increased. The heat-drop down 
to tlio pressure at the throat determines tho 
amount of tho discharge, and the remainder of 
the heat-drop, which would he wasted if there 
wore no divergent extension of the nozzle, 
is utilised in the divergent portion to give 
additional velocity to the escaping stream. 
This volocity is given in a definite and useful 
direction, whereas if Micro were no divergent 
extension of tho nozzle tho fluid, after leaving 
tho nozzlo, would expand laterally, and its 
parts would acquire velocity in directions 
mich that no use could bo made of the kinotio 
energy so acquired. 

Imagine steam or any gns to be expanding 
through a nozzlo which lias no divergent exten¬ 
sion, into a chamber where the back-pressure 
Pj is loss than tho vivluo of P, ns onLciilftt.ee! 
above. In Mint enHO tho pressure in tho jot, 
whovo it leaves tho nozzle, will bo P„ and tho 
further drop of pressure to P„ will occur 
through scattering of tlio stream. The dis¬ 
charge in that case is not increased by any 
lowering of tlio bank-pressure P 8 , becauso 
any lowering of P fl does not affect tho final 
pressure in the nozzlo, which remains equal 
to P,. Osborne Reynolds explained the 
apparent anomaly by pointing cut that tho 
Htream is then leaving tlio nozzlo with a velocity 
equal to that with which sound (or any wavo 
of expansion nml compression) is propagated 
in the fluid, and consequently any reduction 
of the pressure P a cannot bo communicated 
back against tlio stream : its ofTco'ts are not 
felt at any point within tlio nozzlo. Tlio press¬ 
ure in tho stream at tlio orifice therefore can¬ 
not become less, however low tho baok- 
prcBsuro P 4 may be. But if P 2 is increased 
so us to exceed P„ the lateral scattering close 
to the orifice consos, the velocity is reduced, 
the pressure at tho orifloo then becomes equu.1 
to P 8 , and tho discharge is reduced. 

In applying these results to a nozzlo of 
any form, Mm least section is to he regarded 
as the throat: if tlioro is a divergent exten¬ 
sion beyond tho least section, tho amount of 
tho discharge is not affected, though the final 
velocity of tho stream is increased. Taking 
a nozzlo of any form, and a constant initial 
pressure P t , if wo reduce tho back-pressure 
P 2 from a value which, to begin with, is just 
less than P„ tho discharge increases until 
I ?2 reaches Z,Pj, whore Z, has tho value given 
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'Lbnvu. AI lor that, any further reduction of 

I a »««'« inereuso llio ilitmhurgp. Rut tlio 
volniuf.y which the llui.l nc:<i uiros before it 
onve.-i tlio nozzle nmy l lien be augmented by 
lowering l» 2 aml adding (.0 tbe divergent portion 
‘•f I 1 " 1 ixizzle. The nozzle will bo rightly 

w\\m it |>rovi<h\n for just enough 
1’X|jiniMin 11 In nmko the IiiuiI pi'cssuro crjiuil to 
the hnok-piUHsimi; the jot limn escapes as a 
Him mill rttreain, and (ho nfiorgy <,f expansion is 
llUllHt'd |.n (lie full, If the no/.zlo does not 
curry nx|inniti<m far enough— if, in other words, 
the final pnmmiro in the m»y,y,lo exceeds the 
lmeU-|ireHHiir() — energy will ho wasted by 
tionUoring. If, on tlio oilier bund, the linck- 
presmii'o in too high for the nozzle, so that 
H>«' iio/.zlo provides for moro expansion than 
can |H'iipnrly take place, vibniUons are sot up 
in Mm (Inii 1 stream which oiuino hoiiio waste. 

It him been pointed out by Cnllendnr that 
in tlio formation of 11 steam - jot expansion 
uoouru too fast to allow a condition of equili¬ 
brium to be attained ns legardH condensation. 
•SIemu (lint is superheated or dry at entry 
I'omainii more or less completely dry during tlio 
lirnt iilugcM of its piiSiingo through tlio nozzle, 
oven wlion it has expanded ho considerably 
that ilu ri| 11 ilil>i i 11 in condition would Iki that of 
a wet mixture, If the si emu is superheated 
lo begin with, it behaves like* a gas in tlio 
iuilinl iifngo of (lie expansion, mid its equili¬ 
brium in nlaliln inilil its eondiUon crosses (ho 
lunmditry or nalumfion line, Mint is to say 
until its leiupomfuio fulls to (ho value eorro- 
apohding In mvturatioii at this pressum then 
roaoheil. Ah expansion pmoemlH hoyoud tlmt 
iilni'ii u. nielaslalile slide is temporarily set up 
in wliinb lhe steam is nuporHitfcuralod. If tho 
iil.t'jnn in iiatiirated to begin with, a inotastablo 
hIhIo in produced iih mum iih expansion begins, 

II in Isieauito of (his hu pern n lu ration that 
(ho index ,\ for a steam-jot in lo lui taken 
mi 13 1 unload of a value suc.h us 1-1S5, which 
would approximately coriiutjitmd to adiahalio 
I'xpannion under conditioiiH of equilibrium. 
When t ill! latter index was uniwi, as was gener¬ 
ally ilntio before ('allemlai' ilmvv attention lo 
tlm (tun I’liaraeler of the uetiou, the caleulated 
illiiehargo for a given size of throat wnR too 
hiiiuII, with the result (hat tlio caleulated 
ilisuiiargo under ideal friction Ions conditions 
foil 11 I 1 nrt of the diwilmrgo which Bateau 
mid utlior olmervers observed with actual 
nozzles, til (hough llio oiTcot of friction is to 
ivilncn the real diselmrgc below its ideal 
value. When accomit is (nkon of supor- 
iialnrafioii, by using Ml iih tho indox, tho 
union lut-oil iliselmrge liccoiiuiH, ns it should ho, 
slightly greater than the no Mini discharge. 
Tim ex piiri menially imsnmiwwl discharge is 
it In > 11 L It or <t pm' cent less tlinn tho oaleulatcd 
flischargo under the ideal oniidltioiw which 
tlm mdimlulliin louiumoH. If, ns >« probable, 


the steam remains almost wholly dry up to the 
throat, this difference is to he ascribed mainly 
lo friction. 

|j ( 13 ) Tests op Thermodynamic Pekkohji- 
anui:.—I n testing the efficiency of an engine 
considered as a heat-engine wo must measure 
tlio work done during a given time and compare 
that with tho heat supplied. The work done 
nmy be determined, in an engine of the piston 
nnd cylinder type, by taking indicator dia¬ 
grams from which the mean effective press¬ 
ure of the steam is found by measurement, 
so tlmt the horse-power developed within tlio 
cylinder or cylinders is readily calculated. 
Tho indicated horse-power, important as it 
is thermodynamically, is not a fair criterion 
of useful performance. That is found by 
measuring the brake horse - power, or its 
equivalent, which is Icbs than the indicated 
power hy the amount that tho engino expends 
in overcoming tlio friction of Its parts and 
in driving any necessary auxiliary mechanism 
osHontial to its own running. In turbine 
nnd other engines which are employed to 
generate electricity, it is usual to measure 
tho electrical horse-power, thereby determin¬ 
ing a net ofTeclivo output which is loss than 
the (hypothetical) brake horse • power by 
electrical and mechanical losses which occur 
in tho dynamo. It is obvious tlmt any figures 
for eilioieiicy must lie interpreted with refer¬ 
ence to tlio stage at which the power developed 
is measured, whether in the cylinder (hy means 
of an indicator), or on tlm shaft (by means of 
a dynamometer), or after conversion into 
some other form, as by a dynamo or by a 
pump. 

Tho heat supplied lo the engine may bo 
found by direct measurement, or it may bo 
inferred by measuring tho rejected heat. 
Tlio Inttor is a less usual procedure in engino 
tests. In any case, however, a measurement 
of tlio rojooted heat furnishes a useful check 
on tho accuracy of the other method : tho 
most satisfactory trials are made by measuring 
tho heat rojeoted as well as the heat supplied 
ami tho work dono. A balance - sheet can 
then bo drawn up in which tho iicat given to 
tho engino may ho moro or less completely 
accounted for and tho margin of error can 
bo scon. 

To find tho heat supplied, wo must observo 
tho quantity of steam which passes through 
tho engine, and its conditions of supply, as 
to pressure and (if Micro is superheating) as 
to temperature, Tho quantity passing through 
may bo found by observing either (1) tho boiler 
food, or (2) tho air-pump discharge, provided 
tho ongino uses a surfaeo condenser. 

To infer tho steam supply from tho boiler 
food requires a prolonged run, for the level 
of water in tho boiler cannot bo read very 
accurately, and tlio whole consumption of 
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food-wn ter Hfioulil Jin great in order that 
poHsililo oitoih duo to that may become 
negligible. A Hinglo trial hy this method 
may require In Im nonlinutxl for Home hours, 
during which tho oiuidilionH of working of 
tiiii engino uniat Urn Uopt iih nearly uniform ns 
juihhiIiIo. On tho other hand, a very short 
tiiiuv mi (linen for am ncmuuto mcuHiiromont of 
(lio rule at which eondcuKcd water iB dis¬ 
charged liy the air-pump, once uniform work¬ 
ing in entaliliBlied, and it is easy to get sntis- 
fan lory trials under various conditions in 
oiimpamUvuly quick sueciission, by varying 
Iho nnimint of tho external “ loud,” from zero 
up to tlio largest load that tho engine can 
properly uiulorLako. 

Tho roBiilta of a series of trials uro often 
exhibited by drawing a curve of total steam 
consumption per hour, or per minute, in 
relation to load, tho load lining expressed 
in indicated homo-power, or in broke horse¬ 



power, or in kilowatts if the net output in 
mensured as electrical energy. Such a curve 
hi called u Wilburn Line. It is in general 
imarly straight: an example is shown in 
" 1 , 1 , which rolatoH to tesfs of a Parsons 
Turbine at various loads, made under nearly 
uniform conditions iih to the pimsmo and 
tmnpomtui'o of the steam throughout tho 
sin-ics, Tho (nearly) straight lino shows tho 
consumption of sLeam per hour in relation to 
the output of power in kilowatts. On the 
name diagram in a curve, showing the number 
of pounds of steam used per kilowatt-hour, 
which tends towards a, minimum. _ When the 
engine is overloaded tho Wilburn Lino lends to 
bond upwards, with tho result that tho other 
curve passes a minimum, and tho steam con¬ 
sumption por lioi'HO-powor momises slightly at 
tho highest loads. When iho WillanB Lino is 
straight tho whole consumption of steam at any 
load may ho regarded as mrnlo up of two ports 
--the constant mi productive consumption that 
takes place without any effective output, and 
a further consumption that is simply propor¬ 


tional to tho output. Even when tho Widens 
Lino is drawn to exhibit tho relation of in¬ 
dicated work to steam consumption, tills 
remark holds good. When extended hack- 
wards it does not pass through tho origin, 
but above it. Tho consumption is approxi¬ 
mately a(n+b), where n is tho number of 
horso-power, and re is tho quantity of Htcam 
which is required per horso-power after tho 
unproductive supply ab has been furnished. 

,, J. A. K. 
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STEAM TURBINE, PHYSICS OF THE 

The following aymbolH, constants, and tallies 
aro used throughout this article, oxcopb where 
otherwise stated : 

Units; lbs., 0 If., ft., in.; hours, minutes, seconds. 

A-->iiveiv in Bquarc fcot. 
a*=nrea in aquaru indies, 
a ■= vdooity ratio « u/v. 
rf=mcan diamolor of blndo ring in indies. 
i/==dlicioncy. 

g =>ncederatlou duo to gravity— 82-2 feet per 
second. 

7—ratio of the specific heals of steam, 

-I- 13 B for ailiabatio expansion uf dry saturated 
steam, 

cl-HO for adiabatic expansion of superheated 
steam. 

JI = homogeneous head — MipV. 

A—blndo height in indies. 

1 —Hrilish thermal units per pound of steam. 

IC w-SNrfTt 3 x 10 "°. 

A;a. bind0 opening “(fill 0 in Fig. 14 . 

A—index in law of expansion pV*—constant. 
N=mnnl»r of rows of blades on cylinder or 
Bpindle. 

n=-revolutions per second. 
w»2jtm"= angular vdooity. 

]> — pressure in lbs. persq. in. (nbsnluto). 

Pi, ]>2 ■ • • ?> 0 -pressures along turbines. 

(/»=■ entropy. 

= pressure at tho exhaust end of turbines. 

Q=pounds of steam per linur. 
q «pounds of steam per second. 

revolutions per minute. 

T—tonipernturo 0 F. absolnlo. 

/=. temperature 0 F. 

He blade velocity in fcot per second. 

V= specific volumo of steam in cubic feet per 
pound. 
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" in reef, p* urcniiii. 

*V ' 1 V IH ' ‘ ll ^nnl 'iKmndrt p,-r poimil of gleam. 

, l«"»'»«"»s 1 'it jm;s3nre««,/«,. 

* I 

Mlrmlitr'# Slh„,» 71015, and Pat Mil's 
U* ‘"" ‘ , ' ,l, l» »<»htrc.Kn(ro V )j Tables, 8th Edition, 

II 1 *•) 

l- A m.UIATlON ok Thkrmooynamicjs 

Tn Htuam TimniNio 
^j(l) lloMOll KNKCHIH llKAl).—TIlO quantity 
V iii mil. mi vm inblo in t>kio ease of saturated 
il c>nm mi either p nr V, and itH use HimplifioH 
, iP'iy ul Min ni| unl.ii him which follow. Tho vnluo 
*1' l ll/'V in ilolimnl | lf) (,| M , homogeneous head 
„ , »«l ilnnolinl liy ||. TJuih M. = 1<Hj)V. • 

I'’" 1 ’ »mi.nmlo<l nteum the following empirical 
•, ji'innln limy l>n iihoi! : 

H s HOOD ((I |. log ft). 

nii|iiu'li<’n.toi] steam, wliioh luiB nearly 
i.j,(i |n'ii|n>ilion uf a porfeot. gas, the liomo- 
r**»ino«m In'tol may lio taken ns proportional 
]., » llin iilmnliilo fonipomturo ; ho that if T is 
I 1 it- Iniiiperul nru of Maturated steam ami T, tho 
I ,*■ ii pnratnro pi’ niijim-lsented steam, 


Engine, Thorny of,” 3 that., ns the amount of 
ex ] mil si on in a nozzle is increased beyond a 
certain point, tho flow of tho steam does not 
increase but reaches a maximum; this is 
called the critical expansion for tho nozzle. 
Tho point is attained when tho expression 

2 A -11 

ZZ'-Z. K ' 

lias such a value of % as to ninko it a maximum ; 
this is found by dilforentiating the expression 
and equating the result to zero, We then 
got for the critical value 



and for this tho (low has a maximum value. 
Z, is tho ratio of expansion ]>,/)), at tho throat 
of a nozzle. It has tho following values for 
different values of X. 


A. 

7,t. 

M 

0-535 

M35 

0-577 

1-2 

0-50.1 

J-3 

0-540 

14 

0-528 


h.»h£ 

\\ (’.!) Till-’. i , 1 n A. NTITV UK HriiAM ki.owinu 
i' i l in mu ii N<ixki,L',h.—T ho theory nf tho steam 
In rhiiui in IuuhkI on ndiidiulie expansion, 
,i 1 1 In nigh in |H’iuiti(io milialion and other 
I'jkidnrn nIii’«it llm reuult. If one pound of 
Iitimm euleru u iin/./.lo nb a pressure of p l and 
willi a velocity f>, and leaves with a velooity 
it nl a lower prmimtm p, wo have 

t' L a --2(/i(i. . . . (1) 

If the inilinl veliioity jj, is negligible 

i’» ■■iSffiv .(2) 

ti x:W-2 x778x J, 

IVt 111 

»- thl l s 7 l (mum (wirroetly « = 223*8 s/t). (3) 
in (ho mum of o. perfect gas working 
iiflinhatieall.v St in proved 1 that tho relation 
Ii« tJ woom pn iimiro mid volume is given by tho 
t*«l nation 

yi eoiiHtunt, 

w lu'i'o y in l lm ratio of the wpeeifio lioats and 
imn llm valim I >-IOH hn: uir. 

If fhn gnu ho nob porfoet an equation of 
11 j tullur form m ill holds, but tho oxponont will 
ini lunger ho m ( ual to y. We may, however, 
w k ite for nli>am oxpiMuling luUabationUy 
constant. 

’I'in. value of -\ will dopond on tho condition 

»kf t he id cam* . , 

It in hIiowii in tho article on tho "btcam 

* nee " ’.I'Honnoityinunlcs," § < 15). 


The formula for the maximum discharge of 
Htonm, when the drop in pressure is moro than 
the critical, may lie written 

*•»*>«*$*£,• m 

* A •. ?’l 

or 3i“-»h A y ' 


a A 2 /!, 2 

or L * 

whoro m x and wi a are constants. 


Honuo <lt = \J ‘ 

„ / in. 

Lob m= V H, 

Thou qrssiaA.pl lb. of steam per second 

or Qi=Mop, lb. of steam per hour, . (fin) 

where a is in square inches and Pi is in lbs. 
por sq. in. alls, and M is another constant. 

Ratoau’s empirical formula for the discharge 
of saturated steam boyond tiio critical expan¬ 
sion is based on this formula, and may ho 
written,® employing English uijils, 


Qi=3*0(1(5*57 - log P,)«Pi. ■ (0) 

In this expression M lias been mado equal to 
3-0 (10-57-lug>,). 

For a long time a difficulty arose in recon¬ 
ciling experimental results for saturated steam 
with the above theory, tho actual discharge of 


5 8(10 “ Steam Engine, Theory of,” § (12). 
See II. M. Marlin, Steam Turbines, 11113, p. 17. 
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a nozzle proving greater limn tho theoretical 
discharge jin calculated by 11 formula similar 
to {ft). The value fur \ was taken as 1*135, 
on <.)m assumption Lliat the steam was in 
stable equilibrium throughout; but IT. L. 
Muileiulnr 1 shows that tho rapidity of How 
through a nozzle is such that condemnation is 
nut instantaneous wlim tho prossuro drops, 
and Mint eouHeqiionlly Uio steam is bohaving 
as a. gits, and a more emveefc valuo of ,\ to 
take is 1*11. Tim steam is in n mctaatablo 
condition, and is said to be supersaturated. 

Tiio following t able shows values of Uio con- 
Htant M for difl'oront pros sines of saturated 
a team: 


quantity of steam flowing through a nozzle. 
That is, 

An = qV, 

from which Q—lb. per hour. . . (7) 

Tho number of boat units corresponding to 
ono brako horse-power per hour would ho 

= Ii.TIt.U. ; 

7 /8 

or to ono kilowatt-hour 


flgUuiO ll.Tli.XJ. 


Those values, divided by tho adiabatio heat 


f»l 

ir- itia.v, 

( t *i \ 111 ,ni|<ir*u 

.M la Equation (Bn) when 

M in 

hxiiunMon ( 

Ib./riq. In. 
abs. 

di III Iniui n 

Tables). 


A-1-18S. 

(Ilatomi). 

300 

(18,38(1 

52*12 

40-04 

50-72 

25(1 

(S7.0HO 

52-rm 

40-01 

51-01 

200 

(til,Hill 

52-73 

50-22 

51-37 

15(1 

(15,1180 

53-10 

50*03 

51-80 

100 

(11,OUT 

53-83 

51-23 

52-45 - 

50 

(11,314 

05-02 

52-41 

53-53 

lb OHS) 

5(1,008 

57-25 

54*54 

55-44 

10 

55,282 

574)3 

55*22 

50-05 

5 

52,877 

CD-27 

50-04 

57-17 

]■() 

47,1)05 

(12-24 

50*33 

50-05 


drop {!) give the mimhcr of 
pounds of steam required for 
an ideal turbine working on tho 
ltankino cycle. Tho ratio bo* 
twcon such an ideal consumption 
and the actual consumption of 
any particular turbine is known 
ns the coefficient of performance 
or efficiency ratio of that turbine. 
This factor may, of course, bo 
equally woll calculated on 
ofiicionoioa or heat units. 

If tho initial velocity is 
negligible, 

?; 2 — 2 ; 7 i«, 


1 .|> is thus seen that for pressures above 
atmospheric pressure ltntoiiu’s experimental 
results are about 2| per cent above that ex¬ 
pected for saturatod steam with \ = 1*135, 
but uio about 3 por oont bolmv Mutt which 
would lie given if Micro were no condensation 
and A all Part of this dilYcrenco is duo to 
the friction id tho steam in tho nozzle mid part 
may lie duo in partial condensation taking 
place. 

Superheated h(iui n» holm von s<» nearly as a 
perfect gas that the relation 11/T — constant 
may he used. 

I \/T saturated 

Kiiico N /j| */T Huperhoated’ 

It may tliorofore lie oorrcoUul for miporliontcd 
steam in the proportion of 

n/T na tu rated 

\Al’ hu perl united 

e.{/. at 250 II), por h(). in. (abs,), with 200° F. 
miporhoat, 

M,.r,l-IU v /^|=.llMI(l. 

It Hliimld bo noted that if the critical ex¬ 
pansion lias not been renohed, tho equation 
of continuity may bo used to dotormino tho 

» " On Hie Sternly Flow of Steam through a Nozzle 
or 'l , l»rotllo l ,, i , rw.i»»i. Meek, ling., Jiui. 1.015, l>p. G3 
ct net/. 


or, substituting a for w, 


»* = 2 ff ld4 x 4 i ?»iVi(l-Z A ) 


=2 t? H 1 ^( 1 -Z M* * * («) 

When tho discharge is a maximum, tho 
value for Z, from equation (4) may lie sub¬ 
stituted in (8). Then 


Pi 3 - 2 ( 711 , 


\-i- r ■ 


By definition, 




A —1 

iHiZ r> 




at tho throat for maximum discharge; thoro- 
foro 

ii,= xTI H i ’ 

substituting this valuo in equation (8), gives 

«i a =^H (l . . . (S)«) 

5 Sco " Htciun Ungluo, ’L'hcory of," § (12), 






STIC AM TURBINE, THE PHYSICS OF THE 


781 


wlu, ’. li i>‘ Mi*' velocity of Round in the steam 1 
ll!t |>mTool. i'll!!. 

'i'hiu result i'ii 11 lie explained by considering 
lmi '. Mm I'.ienh-nt velocity nt whieh miy rc- 
dii'sfii >n of | in‘Kill i ro nil llin exit. Hide of the 
<•'>n be earned bank through tin*, throat. 
,!l ,,u> velocity nf unund ; nnd flier of ore. any 
‘ "f pieiiaiiii' beyond the critical will not 

uHnut, (.lie llnw nf Mlnaiii ill. the throat . 9 

II. Niwziw ano Mi.aiiimo 
$ (It) Till'! I>IVU1MII4N«.‘U A Nil 'HrWHIKKOV <l¥ 
Nti-iam Di'imfin;* by the Hiiflixos , 

,m jl (lie enn<liUnii!i iii Mm throat and at the 
exit «>f I( eli'iuii nuzzle, llm equation for con- 
ti i» 11 i l y gives 

A in A n r n 

' \'t 


no Mini, 


V« 

A,, 3 i-r’NV 


Vo 

V, 


A. 9 n,nv • • 

(«;;) A ^ ) A “‘ 


( 10 ) 


no Mi at 

V., rt 

V 4 -> 


Pi 


(hi) 


I 


/’0 


■ c:i n>:r 

W 1 - 




From ni|milioitii (H) mid (l>) 


.\ I 1 


A-1 


,V< 

'il 4 y 

•*l/l I ly ... , ( * -5! " ) 

\ ■ l 

A I ’ 

(M l)(l X A ) 

Nul>Ml itiitiii|! I lie,an vnliien in equation (10), 


A,, 3 

,\ 1 

/ 2 \A 

A r 1 

A 1 1 

A 


1 

l ~ V 


•• 

\\ i u 


A • • l 1 


A l 
A 


/,(]-'/, A ) 
1 


» All 

y, k ~ 7, A 


, ( 10 f*) 


ulvinj' nn equalimi for Iho Hare (if a nozzle 
( hat inminimi niily and S'j. Ah '/Ah frnetioiial, 
n morn convenient form f<»J* nalmilftUon in i»l> 
tail mil l».v writing X 1/5* vM> w tho ratio 

» Nnwlmi'rt Miiripbi, lUiidt II. Hfiellon «. referred 
(„ In IHMiliuiM'IV Niiliintf i‘M<mi>hn, lOvorotts 

i ni iih tiilnii, laVii, ii. mm. .... „ 

a See Oiimnie Hevnnlils, " f>M tlie ldi)\V of (IhhiiS. 
M'W., Man'll 18811, reiu'lnlni In liln Scientific 
Viiftcrfl, II. JllH. 


of expansion by pressure. Then equation (10«) 
becomes 


A„ 2 

A<- 


A-M 

"a 


a-i-i 

r ' t -^r— (») 

A 


‘‘(if.) 

X A -1 

Fi'ff. 1 shows the theoretical divergence of 
nozzles (A„/A ( ) for various ratios of expansion 


pa 


■ 

Tlicorc 

Heal 


z 

Diver 

^encc o 

Nozzl 

BS/ 

y ' 












Hallo of Expansion X -77 
*0 

Ida. 1 . 

(X) as obtained from equation (IO/>), It will 
ho noted that for steam the curves uro prac¬ 
tically straight lines. 

There is not ns yet sullicient experimental 
evidence available to establish the best angle 
for the cone, of tho divergence, in practice 
it is found to vary between 4” and 110 °. Kx- 
perieneo shows that 12 " gives very satisfactory 
results. I 11 a similar way, thoro is a diversity 
of opinion ns to the best angle between tho 
axis of a nozzle and the direction of rotation 
of the moving blades. For a diverging nozzle 
this angle is usunlly made between 18° and 


\ 




t?i 

T~ 

n 


T 






£ 

6_ 


t 






u 

■& 

•1 


/ 







s 

:i 

/ 
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/ 






\ 


<3 


/ 








£ 







.5 0 ,7 - 1 ! •[> 1*0 M V2 vs 1-4 va 

flu (10 of Actual (a Theorotlcal Olo orjonco 

Ida. 2 . 

20 °, but for non-diverging nozzles it is found 
to vary betwoon 12 ° and 20 °. 

fftij. 2 is a combination of two curves 
obtainod by IV. «T. floudio 3 from an analysis 
of data publislied liy Dr. Stoinmctz, and 
si lows tho percentage loss of velocity for 
various ratios of actual to theoretical divorg- 
onoo, The advantages of undor-oxpansion 
oomiHU'cd with over-expansion are clearly 
seen, a reduction of 20 per cent from tho 
’theoretical flare showing a loss of only 1 per 
• Steam Turbines, 1017, p]t. 133-131. 
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emit- in the exit velocity, whcro an excess of 
20 per enni, gives a corresponding loss of 
I pm' ecu it. I n practice, therefore, nozzles 
urn |* on orally given it I unit 10 |wr cent less 
divergence limn thorny would indicate. Tho 
o limit of friction in fclio nozzle tonda to in- 
eroase f lic (lam slightly, hut in practice this 
correction is negligible. If pV* = IC for a 
fried,ionlcHs nozzle, nnd pV A ' = K\ if friction is 
ancmmtnd for, 11, M. Martin points out 1 that 


V _ 1 1 

X -T 



holds good, where ij~tho oftioienoy, which in 
I (motion ia always above ‘JO per cent. Ilcncc 
,\' ia very nearly espial to X. 

Ill considering the ofliuieney of diverging 
nozzles it in necessary to distinguish between 
the loss of velocity of the steam and that of 
tho Icinotio energy. Ecpiftlion (2) (ante.) gives 


v-~-gw, . . . (2) 


and from this we obtain by differentiation tho 
result (do and dio both being small), 


t> <lv dw 
w a “ w ’ 


(2a) 


wliieli shown that tho poreontftgo velocity loss 
is one-hulf tho percentage onorgy loss. 

For diverging nozzles, in which tho lioat 
drop (I.) in well beyond tho critical, II. M. 
Martin a gives tho following ompirionl formula 
for tho percentage loss duo to ldnotio onorgy : 

I’oruniitftgo lc»i8=«0*00(1-dfi). . (11) 

Tho corresponding ollioienuy is then given by 
the expression 

102*7 - 0*<M» I. . . (li«) 


For example, with a heat drop of 125 li.Tli.U, 
the loss of Uinotio onorgy would l)oCH)(l(12fi-45) 
or IK par cent, ami hy cipiation (2«) tho loss 
due to velocity would bo half tins amount or 
2-1 par cent. 

§ (■!) Hi, a nr, Eon ms and tub Eitkct of 
Hauk Radius.--Iii remit inn blading, expansion 
of tho steam lakes place in both tho iixed 
blades nr nozzles and tho moving blades. A 
eombinaUoii of one rtnv of Fixed blades and 
ono row of moving blades farms one stage of 
a reaction turbine, and the heat drop per 
stage is generally less than tho critical. In 
tho caso of impulso blading, all or nearly all 
the expansion takes place in tho nozzles heforo 
the steam rounlios tho blades, and each set of 
expanding nozzles, together with their wheel, 
which may have ono or more rows of revolving 
blades, is' (mown as one stugo of an impulso 
turbine, Tho hunt drop through tho nozzle of 
a multi)ile row wheel ofton oxeoods tho oritical. 


W. S 


1 hnaiitcfiriny, JOiR. ovl. 53. 
Ilmullo, Steam Turbines, 1017 


In drawing the cross-section of blading, 
the standard taken is tho axial width of tho 
blade. If a and ft are tho inlet and exit 
angles of tho steam, tho angle of tho blade 
0 =a +ft. This blade angle may vary very 
considerably in different types of blades. The 
ourves of reaction blades do not lend them¬ 
selves to any geometrical construction, but 
are based on practical experience, An ox- 
ttinplcs of reaction blading is shown in Fig. 3, 



Fid. 3. 


from which it will bo noted that tho curves 
arc muclo to sweep round gradually and evenly. 
It ia safo to remember tlmt an artistic blade is 
a good blade. 

Tho slia|>o of impulse blades is controlled 
to a largo extent by tho back radius (r), A 
large back radius gives a thin hlndo and a 
close pitch. A small radius gives a thick and 
stronger blado with a wldo pitch. An oxamplo 
of impulse binding is shown in Fig. 4. Tho 



steam passage should convergo without any 
irregularity. Tho small diagram shows a 
method of finding tho siopo of tho chord Y'A 
If tho entrance and exit angles, <t and ft, 
aro known. .From this figure <■/> V- 1 “ 00*, 

20 -I- (a -I- ft -1-1°) = 180° and \f/ - J{tt +ft + 1). 

Tho point X may bo obtained by making 
two right angles PYX and PZX, and the 
inside of the hlndo drawn with radius R( =X'A) 
from X. Tho back radius may then bo put 
in from a centre lying on tho lino joining the 
point X to tho apex of tho blade, 

§ (fi) Caruy ovkh. —In the foregoing theory 
it was assumed that the steam enters the 
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11 1 1 > at zero velocity; lmt in nn actual 
1 'H‘Imiu), in moat cases, it cntorn at a velocity 
Uutl, Jh Home fraction of Uus leaving velocity of 
tin* proviouH stage, The amount of energy 
Wmt in <Ii3i' to thin fraction of the leaving 
vol<K-it,y in known an the “carry over.” The 
Frifituinal losses as the steam pusses through 
tlin nov.v.lu must he act against the extra 
imtu-pry duo to this carry over, lmt the not 
romill, may he an alteration in the oxit velocity 
• >f Mm Htonin as if leaves the nozzle. Let tho 
proportion of the energy of the carry over 
tlmi. pnsHOH through the nozzle he denoted hy 
>«, mul the iiroporfion of the adiabatic heat 
drop utilised in the nozzle he denoted hy M ; 
then if a, is the velocity of carry ovor, w tho 
voliKufy due to the heat drop, and » 0 tho oxit 
vulinii ty, 

w 0 a ~»n>, a -l-Mv 3 , . . (12) 


the point cannot he said to he fully established, 
partly because of tho doubt ns to the exact 
values of m anil J1 anil partly because of another 
factor, namely the exact angle of lhe steam 
issuing from a nozzle. It has always hitherto 
been assumed that this angle corresponds with 
tho oxit angle of tho nozzle or blade, hut the 
point has never been properly investigated, 
and should it prove otherwise it will affect tho 
value of z and therefore of the cooflicicnt 3. 

§(fi) Vkuouity THaohams and Efficiknoy 
Cuhvk.h.—T he inlet angle a of a blade can be 
determined by vector diagrams, which also 
form a graphical method of obtaining the 
various velocity components of the steam at 
different stages of tho turbine. The work done 
per pound of steam, and hence the theoretical 
eflioioncy of tho blading, can also be deter¬ 
mined. Tho accompanying figure shows such 


Writing 


wluvro 


., M „ 

Ua J =-,. ,,u a 

0 J - W 13 a 

“fin 3 , 

>L. y ■ 

l - VIZ 1 


'Tho viiluo of z can Im obtained from the 
vedunify diagram. Tim values of m and M are 
vory ilillioulf to delormino; hut (loudin sug- 
pi'Hlu “ lor impulse turhincs that and 

M : (MX) to tho liighor ligure being taken 
whim tlmro is Hiiperlmat. As z is generally of 
flu) order of 0-3, this gives values of 3 from 
0-1)7 Ln 1-00, showing that tho velocity of exit 
•/-„ in praotioally equal to that due to adiabatic 
drop or w, an far as impulse turbines aro 
ooncainiml. 

. I is Mm case of renolioii turbines whore tho 
llxiul mid moving blades aro tho sumo, and 
thorn is an approximately oqiial heat drop, 
If, ,M. Murlin 3 from an analysis of a marine 
lai rl duo dorived values of m d)Ti2 and M ~0-1)0 
for this typo of turbine*; and (loudin pub- 
liultoH a ourvo' 1 which shows that tho <m- 
oMininiit H varies from 1-02 to 0-07 as the 
volooity ratio (a) of tho roaethm turhlno in- 
eroimcH from 0-0 to 0-1). As these values of a 
limy lio uonsidorod tho oxtronm limits in gonoral 
nun, tho value of 3 is no nearly unity that for 
nil 11 motion! purposcH of design tho velocity of 
cliHoliiirgn may ho taken as that duo to tho 
nriiiil Jul io boat drop through the stage of tho 
ri'iicd ion turhino. 

r |*| i in moans that in tho light of our present 
knmvledgo tho friction and losses in the noz/.lo 
nppiuir to 1m approximately equal to tho energy 
Hiipplimi hy tho carry over, no that the steam 
ontora tho next stage with zero velocity; but 


« l !f. W. .1. dmullo, ,Steam Turbines, 1017, ]>. 417. 

» II. 1 * ST 1 .’Mari III, The Dt'niiin and Construction. of 
•ileum Turbine*. p. 110. ..... 

•* \V. ,J. (loaifle, Steam Turbines, 1017, i*. 4is. 



a diagram for a onc-rmv impulse wheel. Steam 
leaves a nozzle with a velocity v and enters 
tho moving blade in the direction of the axis 
of the nozzle inclined at an angle c to tho 
direction of rotation of tho wheel, Tho mean 
peripheral velocity of the blading at a radius 
r is represented hy v. The line i>i completing 
the triangle gives both the magnitude and the 
cllrcotion of tho inlet steam velocity rclativo 
to the blade and the inlet angle a. The exit 
steam velocity v 2 relative to the blndo will 
bo less than i> t owing to frictional losses, 
which may cause from 10 to Id per cent loss 
of velocity. The oxit angle ft is either assumed 
or obtained from tho blade angle 0, and tho 
closing lino v 0 gives the magnitude and direc¬ 
tion of the velocity of exit from the blade. 
Ill practice it appears that tho onorgy tho 
steam should possess in conscquonco of this 
velocity is utilised in overcoming the friction 
and in eddy-making. 

Tho ratio of tho components of the relative 
velocities at right angles to tho direction of 
motion of tho blado, namely 7q/A u , forms a 
measure of tho ratio of the exit blndo height 
to tho nozzle height if the possible effects of 
roheat and drop of pressure in tho blade are 
neglected. Tho change of tho momont of 
momentum between inlet and exit gives tho 
torque (T) on tho shaft. 

T=--- ft.-lbs., 

0 

whore r is the mean radius of the blades and 
v is tho vector sum of the transverse com- 
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pimeuls ()', and of Hu* relative velocities. 
Tho work lUmu per pound of sl-ciun 


but « — uIr, so that 

ir~-' >tU =r.‘ nl ft.-lbs. per pound of steam. (13) 

Again, from equation (2) tho velocity energy 
available in tho nlonm ns it on tors tho blade 
in y y /2y. lienee tho flieuroticul thermal olfi- 
oioney of till) blade 


uvjg 2 Uv 

v ^/2r r v« " 


m 


If there is more than one row of moving 
blades in one singe, the values of v must bo 
obtained for each row iuhL added togothor; 


then 





[lint y~ 


2 

v' J 


Tho relation between the blade speed and tho 
steam spoed, or tho viiluo v/v, is known as 
tho velocity ratio of tho turbine and plays 
an important jiart in tho design of any 
particular inneliino. Tho mean poriphoral 
velocity of tho blades u may ho calculated 
from tho dimensions of the turbine: 


7 T.Ud 

J ao 


lid 


«,,;-; 2 ^-ft.por 8 oe. 


(15) 


The velocity of tho steam v in this relation is 
nminlly calculated on tho lulinbntio boat drop 
obtained from formula (3) (wide): v = 22i,Jl t 
where I is tho adiabatic beat drop botweon 
the stun,in pressures in lbs. per sq. in. absolute) 
at tho inlet and tho exit of the slago. 

Fig, U shows the relation usually obtained 
in practice between tho actual thermal effi¬ 



ciency of the blading ami tlio volooity ratio, 
for different types of lurbino stages. It 
should lie noted that the efficiencies upon 
wliiob those curves aro based, whilst not in¬ 
cluding moolmnionl friction, windago, or 
leakage Iohhch in the turbine itsolf, do allow 
fin- the frictional olTeot and tho spilling of tho 
steam whilst passing through tho nozzles and 
blading. In Parsons blading tho carry over 


is included, but not in tho caso nf impulses 
blading. It is advisable in practice to keep 
tho velocity ratio of any particular typo 
below the maximum efficiency shown by theso 
ourves, partly because tho higher velocity 
ratio gcnorally means a larger and more costly 
turbine, and partly because high volocity 
ratio and consequently increased size mean 
larger losses, due (for example) to the skin 
friction of tho discs and other revolving parts 
of the turbine. As a result, tho best efficiency 
is actually obtained with a volocity ratio 
somowbat below that shown by the maximum 
efficiency in tlio curves given in Fig, 0. Tlio 
following range of values is found in modern 
practice for lnrgo turbines : 


Itunolion turbines . 
Ono-row impulse wheels 
Two-row impulse wheels . 
Thrco-row impnlso wheels . 


__n 
<L ~ (>' 
0-70-0'00 
0'45-O'fi2 
0'22-0'28 
013 015 


§ (7) This Parsons Dusicin OoF.Fii'iaiESJ'r 
K.—From equation (3) tho average steam 
velocity por stage (N) in tho case of an 
impulse turbine iH given by 


-“Vs- 


whilo in the case of a reaction turbine, whore 
thoro are two rows of blades with p pressuro 
drop in enoh stage, v=-.22\ '/2I/N, but 

v= U and M = svm (from equation (15)). 


Thoroforo for Impulso turbines 

— 224 /I 
230a V N 

NJPVPxlO-® oftrT 

or ..-.-=2 , 05I. 

« a 

Lot NR*d a x 10-» = K. tlion 

u /~lC 

9/nri T 


and 


/Ji 

a ~V 1-32 


(16) 


321 *° 1 ’ roftC * 1 ‘ on (,UI 'bines. (I Oft) 


Tlio quantity IC, first employed by Parsons, 
forms a convenient cocffioiont for uso in tur- 
blno design. For turbines in which tho blaclo 
rings aro not all tho sumo diameter, K is 
eomjnited separately' for each diameter and 
added together to obtain the design coefficient 

IC=(N-I- N 2 d 2 2 -I- etc.)R a x 10~\ 

and from this the mean volooity ratio can loo 
obtained. N is equal to the number of stages. 
In the reaction turbine this is taken to moan 
either tho rows of'blades on the spindle or 
in tho oasing, but not both. 

Impulse turbines often consist of a multiplo- 
row wheel followed by single-row wheels. 
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.! <lll V' Hlll<!t ’ N v,l, ' iL *« uh tlio square of 
u \ v «’l' «»ity nil id, a two-raw wheel is anm-oxi- 
niai.nly oi|iii vii lent to {(Mi>/0*2r>)*^3 oiio-mw 
wIuhUh. Similml.v, a Mire<vi- ( ,w wheel cone- 
upprnxinmtoly In (U-4fi/0>iri)" =. 9 one- 
fnw \v lu-ol.H. 

Sifuilnr turbincx may Iks said to ho those 
, < - lll ‘lurcuit sizes ami output hut of the same 
t Mml' i<‘ I" H'l.V. with the sumo velocity 
ml,to, h tri'SHeH, and dm.ign mmffioiont and the 
minus number of Htiigrn, 

I . n Hll <'li ii vnso, fi"»i *li« definition of the. 
ooi'llieieiit K, Urn dinmotey varies 
inv 1‘i’ni'ly ns the speed, mid the urea of the 
Hf.mm passages M>i’"-igh Hus blades as the 
H'limro c»r the diumeter. Tim total quantity 
of «eusttin passing through, U ihI therefore 
n]»|ii'o.NitM<itely Mm output, varies directly ns 
t'lio hi j ufim of the diameter ov inversely as the 
Hijimi-n uf tlui speed. For oxninple,’ taking 
uh a iinriiial iimeliino 11000 kw, at 3001) r.p.ni., 
hlion a nimihir mueliine running at half tho 
upon, | would givn I Minim the output, or 
. 12,(100 hw., mid one nuininn at 1000 r.iun. 
27,000 kw. 

$ (H) .It unit at l'’A«iTim. Ah tho steam passes 
through a tui'hiiie, there in always a eeitain 
nniurml, nf Imiltugo ovor tho tips of the 1 1 lades 
ill it I'nnotioii type, mill through the diaphragm 
kIiuhIh in an impnlso typo. In both eases, 
hImh, Iicnt is generated by Mm friction and 
eddying of the moving slenni, some of which 
uncluulitndly lienomea real ih« wlied, with the 
tomili Unit the iileam in the exhaust tends to 
l-o drier limit would he mmounted for by 
JHiro ndialmlie expansion. For both these 
t eam mu the speellle volume tif the steam may 
bo lucpor, and the I olid lieub drop available 
nuty ln> greater limit I Imt onlouluted hy tho 
uho nf mlialmlio heat In I >!<•». ’ The steam is 
said In he reheated, and the ratio of the heat 
drni) wviillnhlo to the udiiiliatlo heat drop is 
known mi the rollout fuelor. 

Tho idfeet of relieating muy he seen on the 
limn mi piinying Mnllier cliugrnm ( Fig . 7). If 
the initial slate nf the steam is represented 
hy t)m |mint h, on the line of cionatnnt pressnro 
p )t tho ndialmlii! limit, drop available in the 
limb nfiige of a (nrbinn in which tho stoani 
i*X|HUidM to a pieimiile p. i iH shoivn by tho 
vni'Uoiil line If friotionul and s]>illing 

Iohhoh urn Utlii'll into itnuimnt, the adiabatio 
limit <lmp will he 

>), npf-j 

whom -if, is flit' Hinge nfllejeimy based on such 
Iohmch. Thu reheat ing elfeet onuses the point Cj 
tu move at. uimslanli presHiiro U>& 9 on tho press- 
urn Jim* j> a , mid this represents tho condition 
nf tlio Hteain at the end of tho first stage. 
If tho |h'iiochm Is repealeil for a multi-stage 
tiirhinn working between and V» a nories 
«>f slops is ohlaim.nl i and sinoo tho linos of 


constant jirossnro diverge on a Mollier diagram 
it is evident that the available heat drop, 
fl|rt->-l-/j// a +/* 3 «, -f . . . b x a 0 , is slightly more 
Ilian the adiabatic heat drop as represented 
by tho line «,d 0 , As already stated, the ratio 
between these heat drops gives the reheat 
factor. Provided tlio stage efficiencies are 
known or assumed, this method can be 
applied whether the steam is originally super- 
limited or whether the stops cross the saturation 
line or not. In the latter case, it is probable 
that a more accurate forecast of the reheat 
factor would he obtained if the pressure curves 
below the saturation line represented a super* 
saturated condition of the steam rather than 
a state of thermal equilibrium. 

Such an L-< 1 > chart, based on p 
OnIIendur’s tables, has been 
computed and drawn by H. AV. 



Martin. 1 This ofTcob of supoimturation is 
indicated on Fig. 7 by the dotted line. 

HI. Types op Steam Turbines 

§ (9) All steam turbines receive their 
steam at a higher pressuro, extract work 
from it by passing tho steam through various 
arrangements of nozzles {or fixed blading) 
and moving blades, and reject tho steam at a 
lower pressure and consequently nt a larger 
volume. 

Tf all, or nearly all, this drop in steam 
pressure takes place in the stationary nozzles, 
tho design is known ns the Impulse Turbine. 
AVlion, on tho other hand, thoro is nearly 
equal drop of pressure in both tho fixed and 
tho moving blades ns the steam is passing 
through them, the design is generally reforred 
to ns Hcaclion Turbine . 2 

These names, impnlso and reaction, have 

1 “ A Now Theory of tlio Steam Turbine," 
Knatncering, cvl. 1. , 

* Heo also " 'L'urbino, Development of tlic Steam, 

H2). 

3 E 
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been adopted from the analogy of the water 
turbine, though, like a number of other terras 
current in engineering practice, they cannot 
lie miicl to bo a logical definition of what 
actually lakes place in either type. To a 
less extent, the same objection holds good to 
the alternative definitions of velocity typo 
and pressure type that occur in ft numhor of 
text-hooks, but which arc not commonly used 
in. practice. 

§ (10) Tiik lMPur.su Typb.—I n fcho impulse 
turbine, by suitably proportioning tho cross- 
sectional areas of tho nozzles tho increase in 
volume or expansion duo 
to tho pressure drop 
causes tho steam to issuo 
with a -comparatively 
high velocity. Tho mov¬ 
ing blades uro so curved 
that as much ns is practi¬ 
cable of this high velocity 


through each stage, but remains tho same or 
nearly tho same on each side of the moving 

blades. ... 

(i.) 7oelly Turbine .—A longitudinal section 
through iv modern type of impulse turbine is 
shown in Fig. 8. ft represents a JSodly 

tiirbino ns made by tho firm of Esoher Wyss 

& Company at Zurich. The size illustrated is 
designed to develop 15,000 horse-power when 
running at 3000 r.p.m. There are sovon 
stages, each consisting of a row of nozzles 
followed by a single row of moving blades. 
Tho nozzles aro formed by a number of nickel 
steel blades east into 
split diaphragms, or in 
tho case of tho first 
stage, into u ring bolted 
•> to tho steam chest. 

! The cross-sectional area 

A of tho steam passage 

\ is rectilinear. In tho 



is absorbed in causing tho wheel to revolve, 
and tho steam loaves with considerably 
less velocity, but tho pressure on both sides 
of tho moving blades remains practically 
unaltered. Each set of expanding nozzles, 
together with their wheel, which may have 
one or more rows of involving blades, is 
known as owe stage, of tho turbine. If tho 
impulse turbine has only one stage, as in the 
ease of tho single whcol with mulliplo rows 
or of tho Do Laval type with one row, tho 
pressure drops in tho expanding nozzles to 
that of tho exhaust, or nearly so. Tho moving 
blade passages are so shaped that tho exit 
velocity of the atoain is just sufficient to clear 
the whcol. If there are two or more stages, 
such as uro found in the Itatcau, Zoolly, and 
Curtis types, the pressure drops in stops 


earliest stages tho nozzlo aro does not extend 
completely round tho oiroumforenoo, but is 
arranged symmetrically in segments. This 
is known as partial admission. After full 
peripheral admission is roaohod, tho blade 
heights aro increased to correspond with tho 
increasing volume) of tho steam. Tho revolving 
blades are also frequently made of nickel steel 
or phosphor bronze, and arc fixed to the 
periphery of steel discs or wheels. Tho 
wheels are mounted on expanding rings, 
which are keyed on to tho shaft and kept in 
position by nuts at each end. Tho nuts and 
sleeves tighten up against tho collar, which 
can ho scon on tho shaft. Eor turbines 
running at 1500 r.p.m. or under this shaft is 
made rigid and is run considerably below 
tho first critical or whirling speed; but in 
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« T* n , ; a floxih, « 

siJ r ’ rmw thr<.„g|» tlio critical 

,lll(lm ' , 1 , ' , ' lo,U . ,,atm 8 tho process of 
t , 1 , J n « ‘ " 1» U, ° , t,,rl » ,lie - Exporioneo shows 
“j f. , ' , " H P«w«Ihi« o*u bo followed, pro. 

that tho working spend is kept at not, 
*««» 2W I" 11, «»* 11 hove or l, e low the 
l' ,,u,n l “I*"* 1 ( ' f (l »« ri) *<*r. Tho flexible shaft 
' ,, lu,t unbilled the u H0 of spherical 
HontuigH far the shaft hearings. These arc 
, ‘»>unhcr, and are li»o<l with white 
metiu. They are lubricated by oil under 
]»r<»HH%iro. Ah there is little or no change in 
preHuu ri , whilst the sleam fa passing through 
tho moving bhuloH, thoro is, theoretically, no 
nxnil tliniHt along tho shaft of an impulse 
til rhino. It is, liowever, cun tomary to fit a 
tlmi Ml block, shown iiiinn extension of tho shaft 
at, the high-prcHHiiro end; tlio thrust block is 
unually muilo adjnsfahlo so ns to registor and 
keep tho correct position of the* rotor relativo 
|;,J turning, .Such hhmka can then take 

>'|> any M liglib axial tlirust in oithor dirootion. 
It will ho noted that the easing as a whole 
in not rigidly lixed to the two main hearings, 
hut Uint tluvie latter are mounted in sopamto 
In)uoii ig.s on two erosH girders embedded in 
the fimiulntion. The easing is carried on 
hiding HiipporlH, which allow for any expansion 
dun to heating effects. Tho hearing housings 
can ilIho move axially, so that provision is 
1,1 iidii for the turbine, to adjust itself relative 
to tho centre line of the exhaust, which is 
fixed by the condenser. 

Tim mein inlet of the stcm-iu is not shown. 
Tho steam is admitted through a throttlo 
governor operated hy an oil relay into ono 
«i«lo of thi' amildar space to which tho first 
i'ow of no/,/l«>n is bolted. Tho steam passes 
through strainers to the noy//lo segments 
iiramged symmetrically in front of tho first 
row of moving blades. A supplementary 
•iteiim inlet in provided for overloads, in this 
case bn tween the first and the second stago. 
Tlio ntunin then pusses through tho remaining 
siage.M into the exhaust hrunoJt that surrounds 
tho hint row of blades, and from there to tlio 
onndoiiHcr iimlerneath the turbine. Tho shaft 
as it on torn ami leaves tho turbine casing 
jmssoH through carbon packed glands, which 
oiTect'i voly prevent any steam from escaping 
oil the live nide and maintain tlio required 
vacuum at the exhaust mid. In order to 
prevail t> lealutgo from stago to stago at tlio 
shaft, it is necessary to keep down the clcar- 
tuiee botwouii the lixed diaphragms and the 
revolving wheel hubs as much as possible. 
At tho Hmno time a certain amount of latitude 
imiHt bo allowed for any slight doflcotion of 
tho tdmft. If the pressure drop is consider¬ 
able Homo form of flexible gland is occasion¬ 
ally uhcmI, rnieh as carbon segments held in 
position by t»i>ringH j but in most cases tho 


difficulty is surmounted by leaving a space 
between the diaphragm and the hub and 
inserting a number of wedge-shaped soft 
mein! rings on the inner circumference of the 
diaphragm, with their apex towards the shaft, 
so that should touching occur no material 
damage will bo done. 

(ii-) Metropolitan-Vicier# Turbine .—Another 
example of a modern impulse t urbine is shown 
m Fig. 9. It is designed l.y the Metropolitan- 
Vickers Company of Manchester, and shows 
ono two-row wheel followed hy thirteen single- 
row wheels. The normal output is 12,«D0 
kilowatts, and the speed is 30(10 revolutions per 
minute. Instead of allowing the steam to till 
the annular space in front of the first stage, it is 
admitted into one, two, or three separate nozzle 
boxes, according to whether half-lu.nl, full 
load, or overload is required. These boxes, 
which are made of cast steel, are so shaped as 
to bo freo to expand without affecting the 
alignment of the nozzles that form port of 
tho first stage. As in the Znolly turbine, 
provision is made to allow’ for any’expansion 
or distortion of tho materials of‘the turbine 
under the heating effects of the steam. An 
arrangement of multi-exhaust blading is shown, 
which is embodied in most of tho largo 
impulse turbines made by this Company, 
It is designed to obviate the difficulty of 
dealing with largo quantities of steam at very 
low’ pressures, which would otherwise entail a 
largo diameter of bhulo ring or the uso of 
excessive lengths for the exhaust blades. 
Tho moving blade in the last singe but two 
is divided into two portions. Tho outer half 
is shaped to allow the steam passing through 
it to oxpnnd to the pressure of tlio exhaust. 
Tho romnindor of tho steam is by-passed 
through tho inner half without expansion, 
and is again divided up by means of a specially 
shaped fixed nozzlo to repeat tho process 
through tho next row of moving blades. In 
tho last stage all tho remaining steam expands 
to the last row of moving blades and passes 
through to the exhaust. The effect produced 
may bo taken ns the equivalent of a blade 
height equal to the sum of the two outer 
portions of tho divided blades plus the length 
of tho moving blade in tho final stages, and 
thus the loss duo to the velocity of the steam 
leaving tho last row of blades can be 
reduced. 

§ {11) The AxiAr.-Ei.ow Reaction Type, 
Paksons Toiwines. — In axial-llou' reaction 
turbines, introduced by Parsons, tho high- 
pressuro steam first enters a row of fixed 
blades, in which it is caused to expand 
slightly and at the same time to increnso in 
velocity. Tho steam is then passed through a 
row of moving blades so proportioned that 
whilst tho increase of velocity is absorbed the 
pressure also diminishes us much as it did in the 
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previous row of fixed blades. This combination 
of one row of fixed blading and one row of 
moving blades forms one stage. of a reaction 
turbine, and there are always a large number 
of such stages as compared with the impulse 
type. The pressure falls gradually throughout 
the length of the turbine ; and us tho specific 
volume of the steam is correspondingly in¬ 
creasing, the diameter of the drum carrying 
the blades is stepped up to prevent the blade 
heights from becoming excessive. Each dia¬ 
meter is referred to as a drum, so that a 
reaction turhino often consists of a high- 
pressure drum, an inter mediate-pressure drum, 
and a low-pressure drum, oil each of which 
there is an appropriate number of stages. 

In very largo turbines the low-pressure drum 
is sometimes made as a separate machine, 
in which tho steam generally ontors at the 
middle and divides right and left to oxhaust 
at each end. In this way tho blade heights 
are halved. Such a machine is known as 
a double.-Jlow turbine. In a few cases tho 
double-flow low-pressure drum is included in 
one easing or cylinder. 

For mechanical reasons of construction 
tho heights of the blades are kept tho sumo 
for a number of stages ; but they may ho 
stopped up on each drum to approximate 
more closely to the conical reaction turhino, 
which is tho ideal shape for this type not yet 
completely aohioved in practice. 

(i.) Parsons Turbine, 1 — Fig. 1(1 allows a 
modern example of a lO.OOO-kilowatt high- 
pressure tandem turbine, as made by tho linn of 
0. A. Parsons & Company at Nowonstle-upon- 
Tyno. It is designed to rim at 2*100 revolutions 
per minute, Tho live steam, after passing 
through the main inlet valve (not shown) enters 
the annular space surrounding tho first stage 
from underneath. Overloads are automatically 
taken up by the action of tho by-pass valve 
shown above this space, which admits the 
full-pressure steam to a second annular space 
surrounding the second section of stages. 
The steam then passes through tho remaining 
rows of blades on the high-pressure drum, 
and is carried by a stenmpipe connected to 
tho largo flange shown below the second main 
hearing to the centre of tho second turbine, 
whore it divides to puss through moro stages 
to exhaust at both ends into condonsors con¬ 
nected to the two oxhaust branches. The 
low-pressure drum is therefore balanced, hut 
the first turbine requires balance pistons 
or dummies • to counteract the axial thrust 
on tho moving blades. These dummies arc 
shown to tho left of tho first stage.- They aro 
three in numhor, one for each diameter of 
tho turhino drum; connecting pipes (not 
shown) maintain an equal pressure between tho 
dummy and tho corresponding section of the 
* lico n)BO " Turhino, Development o£ tho Steam.” 
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l.ncbun). It will 1)0 miloiL Mint each turbine 
Jian jui muUlmisd. bearing lilted in front of 
(,| H ! loft-iumd main hearing in each case. 
Tliin ensures a. nor root register of tlio fixed to 
moving blades, as in tho impulse type. 

§ (12) Oo-MIU NATION lllSAOTION AND I.M- 
|. ( ir ( si'i Tijuiunk,— In tho impulse turbino 
11 m wheels carrying tlio moving blades mo 
frequently referred to ns dines, whilst the 
cylindrical spindlo on which the moving blades 
of the miction turbino aro mounted is culled 
llm drum. Many modern turbines that form 
n combination of tlio two aro therefore known 
ns the dinn mid drum type. In such a case a 
number of stages uf reaction blading at tlio 
high-pressure end of the turbino aro replaced 
by one «»r more impulse stages, with a consider¬ 
able saving in the over-all length of the turbine. 

llidiunhon U’cnlgurth's Turbine. — A disc 
ami drum turbino as matin by the firm of 
Richardson, Wosljmith, & Company of Hartle¬ 
pool is illustrated in Fig. 11. It bus an 
output of Jfi.ODO kilowatts when running at 
IfitIO revolutions per minute. It consists of 
a two-row impulse whuol followed by two 
HOutiuiJH of reaction blading, 'the reaction 
Hinges approximate more dowdy to thooonical 
type. The axial thrust is balanced by one 
dummy piston, seen just to tlio left of the 
impulse wheel; its diameter is approximately 
tlio moan of that of tho two reaotiem Motions. 
Other features, already referred to under the 
impulse and reaction types, aro unbodied in 
this design. 

§ (13) Thu Radiai.-m.ow Ri;action J uii- 
iuni:.—N early all sucocnsfiil turbines of tho 
prcHPiit day work with the steam flowing 
axially—that is to say, parallel with the shaft 
or spindle. There is, however, one nolablo 
exception, tlio l.j angstrom turbine, ill which 
the steam enters the first stage near the spindle 
ami flews radially outwards at right- angles to 
(Ini main axis of the turbine, in this turbino 
them are two discs, each carrying reaction 
blades, which ’project from them axially and 
which are ennneatcd to them by specially 
shaped expansion rings. The two discs re¬ 
volve in opposite ways, so that tho speed of 
the lings of blades relatively to one another 
is doubled, which enables Hie whole of the 
expansion to be carried nut in a einglo pair 
of discs. 

(i.) LjinifffHrnm Turbine. —A diagram nt a 
1500-kilowatt I*jlingstrbin turbino designed to 
run at 3001) revolutions per minute in shown in 
Fig. 12. I t in made in England by tho Brush 
Electrical Engineering Company of Lough* 
borough, lligli-prostmro a to am outers through 
ii pipe that is brought into tho exhaust and 
passed by two expansion Joints to annular 
steam chests sun-minding tho labyrinth pack¬ 
ing gland on tho end of each shaft, t'joni 
the bo annular spaces tho steam lias direct 


access to the centre of the turbine, where it- 
enters tho first stage and flows radially to 
tho periphery of tlio turbine. Arrangement** 
arc made for by-passing live steam into tlio 
turbino after the first few stages to cope witli 
overloads. In order to avoid excessive blade 
length, tho last few stages arc arranged for 
pnmllol flow. In tho larger machines the last 
stage may be fitted with tho Parsons axial- 
flow reaction blading. Such an arrange¬ 
ment can lie soon in Fig. 13, which is a com¬ 
pounded section of half tho turbino as far ns 
tho shaft. Tlio right half of this drawing 
shows tho upper part of tlio turbine and 
details of tho by-pass for overloads, the left 
half showing the underneath part with tlio 
main steam inlet. 

Elaborate precautions aro taken to allow 
for nn expansion of all parts subject to high 
tomporatiiro without affecting their relative 
positions. This is satisfactorily achieved by 
tho use of a number of expansion rings, whoso 
oross - section somewhat resembles that of a, 
dumb-bell. Tlio metal in the disc or blntlo 
ring, as tho case may he, is closed round tlio 
head of this dumb-holi by rolling to form o. 
circular socket joint that is firm but iloxible- 
It will 1)0 noted that all parts exposed to 
high-tomporaturo steam, including the radiid 
labyrinth packing and tlio steam chest itself, 
aro linked up to tho outer casing by means of 
theso expansion rings. The radial labyriirtl* 
glands arc so proportioned that they balance 
any axial thrust of tlio stoam tonding to force 
tho blade discs apart. 

Radi shaft is dircet-couplod to an alternator, 
and tho stator windings of tho two alternators 
are permanently oonncctcd in parallel, so tit at 
electrically tho two mnohincs form a sm±»lo 
unit, though mechanically they are revolving 
in opposite directions at half the speed of tlio 
rolutivo velocity of tho blades to ono nnofclter\ 
Tho Ljungstriim turbino belongs to tho re¬ 
action typo, since there is a drop in pressure 
in each of the two rings of blades forming ono 
stage. Tho heat drop through each stage will be 
less than tho critical value, nrnl the blade areas 
may therefore bo determined from tho equation 
of continuity. Equation (7) may bo written > 

-£-■** 

whore k is tho Undo opening. 

u Kd ; 

But v=- “ago? | 

, 230aQV ; 

1,enco • /{ “260 j 

or 7rccV/d 8 ns long as tho volocity ratio («) rA 
mains constant from stngo to stage._ Bit. 

is approximately true in tho larger sixes ol 
Ljungstvom turbines. The solution of tJin 





FIG. 11- 


























¥ 10 . 12 . 



















STEAM TURBINE, THE PHYSICS OF THi' 








































7<R 


STEAM TURBINE, THE PHYSICS OF THE 


equation accounts for the convergence and 
divergence or till) steam pUHHiigo in this typo 
of turbine. 

§ (.11) TuuniNiw ion Sjm-jchat. Pijhpohrs. — 
TIid rcqiiiroineiilH of n uumbi:r of industries for 
steam other than Tor power generation Imvo 
roan Nod in tho design of modified typos of 
ntonm turbincH, hntlv impulse and miction, 
wit!nil Imvo gradually ooino to bo known l>y 
distinguishing minion. Fur instance, u tur¬ 
bine may ho made to work non-condensing 
to exhaust either nt atmospheric pressuro or 
above it. This enables a constant supply of 
low-pressure steal 11 to bn available for inanu* 
facturinK purposes. Such n lurbino is often 
oulloil u bttek - prtwurc. turbine. More com¬ 
monly, tho demand for low-pressuro steam is 
not regular, lint varies from time to tamo, ns in 
healing tho factory, which is a winter demand, 
nr in a numbin' of nmnufuoUiring processes that 
are intermittent. In that ease tho turbine is 
ho arranged that steam may ho drawn off ns 
required from a point just above atimisphorio 
pressure, whilst tho remainder of tiio steam 
pusses through the lnw-pixwMi'o end of tho 
turbine to the oemdenser in tho mmiv! way. 
Tho name rc.dnc.itnj turbine is applied to auoh 
a design, though in the United States of 
Amcrina they uro often called bleeder or ex- 
traction turbine*. _ 

In a reciprocating engl.no, on account of 
fluid friction and the »i?.o of low-prcssuro 
cylinder that would be required, it is rarely 
lioHslblo to carry the expansion down Ui tho 
ViMiUttm In tho oondenser, and relonso gone rally 
takes place at 2 or II ll»s. per square inch above 
the pressure in the condenser. .Mum the whole 
of tho energy in the last part of the expansion 
is lost in hi mil an engine, and tlm extra, heat 
drop duo to high vacua is not available. As a 
result, vacua for rcei pro eating engines are 
jCnhcrallv between 25" and 27". and aro rarely 
I,labor. ' In the emio of a Htoam turbine, how- 
over, by mii I ably proportioning the exhaust 
blades tho very highest vacuum possible in 
limcUoo can as a ruin Im made use of, and 
therefore vacua from 2H J" or 2b", or oven more, 
are common. Tim great advantage that a 
steam turbine has in being able to utilise tho 
highest vacuum possible is at once seen if tho 
heat drop available by Peabody’s tables from 
(say) saturated steam at BIG lbs. absolute to 
various vacua is considered. 

To 2ft* vacuum 2114 ll.Th.U. available. 

2<r „ ao« » ' 

27* ,, 220 » 

28* „ IMS 

20" ., 270 

Here it is seen that between 27" nnd 20" thcro 
is a dilVereiieo of 50 B.Th.U., or, say, 15 per 

<!<! 'l*hin capacity o£ tho flloain turbine for 
utilising high vacua lmu led to the introduction 


of Exhaust Turbines, where the steam from 
a reciprocating engino exhausting at about 
ntinosplicriu pressuro is further utilised ; and ns 
a rule tho power derived from such a turbine 
is about the sumo as from the reciprocating 
engine. Thus tho power obtained with a given 
amount of steam is doubled. In many cases 
tho reciprocating engine and tho steam turbine 
form one unit; but if the reciprocating engine 
works intormittently, as in the case of a rolling- 
mill engine or a winding engine, a thermal 
accumulator is fitted between the two to give 
an approximately constant supply of steam to 
tho steam turbine. In some enses, however, 
tho supply of exhaust steam is at certain times 
liable to fail or to be insufficient to supply the 
turbine, and then a high-pressure stage is 
often fitted, to which high-pressure steam is 
automatically turned on when the low-pressure 
supply fails or is not sufficient. Tho turbine 
is then called a Mixed-pressure Turbine. 

IV. Pm noi rues or Steam Turhine Drsign 

§{lfi) The Impulse Type, (i.) Conditions 
of' Sendee.-—-In designing any particular tur- 
bino the following conditions would he known, 
or should ho assumed: type, output, spaed, 
initial steam pressuro on the hoi lor side of the 
stop valve, superheat, and vacuum. 

Tho moan blade speed (it) is limited by 
rotational stresses, a, common European prac¬ 
tice boing (100 foot per second, though in 
America speeds of 800 foot per second have been 
used. 

The mean diameter of tho blade ring («) 
follows directly from equation (15), 


il= 


220 n 138,000 


It 


It 


(15 a) 


when the blade speed is 000 feet per second. 
To estimate tho number of stages, tho available 
boat drop per pound of steam through the tur¬ 
bine is required. This can bo considered in a 
varioty of ways (seo § (8)); but, as a rule. It 
is sufficiently accurate for this particular pur¬ 
pose to assume simple adiabatic expansion from 
tho initial pressuro on tho boiler sido of tho 
stop valve. Unless ft very largo scale Moilier 
diagram is available, beat-drop or temperature* 
entropy tables should ho used. In this oofi- 
nootion it is worth noticing that Peabody s 
temperature-entropy tables only go down to 
0-504 lb. per square inch. If a lower pressu ro is 
required, it is necessary to extrapolate ; bub 
tho ratio of tho heat drop to tho tern pern tiiro 
curve may bo taken ns a straight lino in this 
region, which makes it possible for tho required 
figures to bo easily obtained,' 

Velocity ratios (a) should be ohosea with 
tho aid of tho ourves or table in § (6). J-hen 

u , ss— feet per second 
“i 
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f'>r tho first Htngo ; mid the adiabatic heat drop 
(I i) fur Uiis stage is obtained from formula (3), 


It- 


l "£J: ■ ■ ■ m 


If tins tilrhino is uf the impulse type mid 
oiuiMiuls of n, two-row wheel followed by a 
mnn lieu' of one-row wheels, I, may vary 
I lobworm liO and :u> per cent of 1, the total 
niliahtiUo limit drop through the turbine. 
Similarly, for the one-row wheels, 

--- U feet per seeimd, 

“3 

am] tlm adiabatic heat drop (f 2 ) in cneh ouc- 
mw wheel 

. . m 


_ (w/a.j ) 2 
'a- 2 2 ;|'J • 


ttinnn, negloutlng the reheat Faetor, which is 
goaim'idly h rim 11, the B.Th.U. available in all 
tlui rmo-row wheels is I-Ip tho munhor of 
nim-i'ow wlmols required (N a ) "ill he equal 
I n < 1. - - 1., )/f a, to the nearest whole nuinher. 
Tim velocity ratio (« a ) provisionally assumed 
for Mm oiio-roiv wheels emi bo checked by 
formula (Ml) 

/NM^'liH 
.2 c»r> £ 

I ii thin formula N equals tho equivalent 
i hi in linr of olio-row stages, or 

N»il+N 4 


for it, two-row wheel followed by ainglo rows, 
on tho assumption already made, that a two- 
row wheel is equivalent to Ihrco one-row 
wlmelu, 

<ii.) Proportions of Nozzles.—It it. is desired 
to |»mitred further with tho design and to 
cuilmilntn the proportions oF the various 
lur/./ltis, it is advisable to modify the above- 
dmmrihc'l method of arriving at tho heat drops, 
no uh to eon form nmro to conditions pertaining 
to netiml prnetiee. 

The initial steam pressure and temperature 
ii in immHimul on the hoilor sido of the stop 
valve. An the steam passes through tho valvo 
mid governor gear, there will he a drop in 
timmuni hofimi it reaches tho first stage of tho 
tm-liiiHi. r i:Uis is frequently assumed to ho one 
utmoHiihoro. or, say, 10 lbs. per square moll. 
Tlsn lonuiornture, on tho other hand, will 
miimin tho same, except for one or two degrees 
mdlation loss. 

TI,o mHnliaUu heat drop will thoroforo be 
uioiiiiimid on a slightly higher entropy duo to 
( ho ineroiiHcd snperheftt; hut as tho tango of 

VHm.ro in 15 Ills, leas, tho total heat available 
will I in from 0-5 to 1-0 per cent less, iho heat 
,iivm in tho twu-rmv wheel will lie tho name as 
I,of. no (1,), bo that there will ho slightly less 
ho.it available for tho one-row wheels, bup- 
[XiHlng that instead of I heat units it is found 


that only I' heat units are available (where 
r=(l -0-01)1). Then the heat drop in tho 
two-row wheel remaining the same leaves 

r-ii=V. 

or I'j/Ng B.Th.U. available per stage in tho 
one-row wheels. 

Owing to causes pointed out in the para¬ 
graph on tho reheat factor, tho actual B.Th.U. 
through the turbine will be higher than I'; 
hut ns values of the reheat factor arc difficult 
to estimate correctly, this adjustment is hotter 
left to the discretion of the individual designer. 

It will be found near enough for the purpose of 
deriving the nozzle areas if the reheat factor 
is omitted in estimating the pressure drop, 
and an approximation made in the probable 
increase in tho volume of the exhaust steam 
due to reheating. If there had been no reheat¬ 
ing, and therefore no increase in entropy (<p), 
tho specific volume (V 0 ) of the steam at tho 
oxhnust pressure (p 0 ) corresponding to tho 
adiabatic heat drop (I') can be. found direct 
from the tables. If now an internal efficiency 
(?;<) for the wholo turbine is estimated from the 
curves shown in § ((>), then the actual heat 
drop through the turbine would equal ij/B. 
(In the example such an efficiency would lie 
somewhere between the two-row and the one- 
row wheels, say 82 per cent.) The heat thrown 
away in the exhaust would he 

KTh.lT, - ■»/<I / = V, 

whore B.Th.U. represents the total heat at the 
beginning of tho first stage of the turbine. 
From tho toinporaturc-cntropy table, I' 0 and 
j) 0 corresponds to an incrcnscd entropy and an 
increased spocifio volume V'„. In tho absence 
of more definite information the percentage 
itiorenso in volumo, 


Vo 7 -Vo 


x 100, 


may bo' distributed gradually over tho one- 
row wheels of tho turbine, (For instance if 
tiioro is an estimated increase in specific 
volume of 9 per cent to bo spread over 9 onc- 
row wheels, then the adiabatic specific volumo 
for tho first one-row wheel should bo.increased 
1 per cont; for tho second, 2 per cent j and so 
on up to 9 per cent for tho ninth or last one- 

row wheel.) , , 

To estimate tho nozzlo areas it is necessary 
to know tho output (lew. or h.p.) of the tuvh»’« 
and tho over-all efficiency {■>>). T • 

1 kilowatt-hour = 3412 B.Th. TT 
power-hour=2546 B.Th.U., 

_ 3412 . 

Q = xki 

or »™xh* 

7,1 
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If tlio drop in pleasure through the nozzle is 
beyond the critical, the theoretical area («) in 
square inches follows directly from equation 
(rut). a = sq, in. for saturated steam, or 

fl<[- for Hteani initially superheated. 
In practice this area would ho increased about 
9 per dent- to allow for nozzle loss. 

If tin; drop in pressure through the nozzle 
is less than tho critical, equation (7) should be 
used: 

« = |”sq. m., ■ • (7«) 

wlioro V' is the corrected specific volunio in 
oil hie feet at the exit from the nozzlo. 

Each row of nozzles should bo sot out to 
suale, to sue that tho ahovo minis como out 
correctly. On the assumption that tho whole 
of tho expansion takes place in tho nozzles, 
the approximate face area of each are can bo 
determined from tho nozzlo angle (0). From 
Fiy. ] I it will ho seen that tho distance o is cqunl 



FlO. 11. 


to l sin 0. With duo allowanco for divergence 
and thickness, n'-kl sin 0 where k is a con¬ 
stant embodying the ratio o'jo and the thickness 
of tho nozzle plate, it is most conveniently 
determined from tlio drawing hoard. Tho 
face area of tho nozzlo arc or segment 


m = 


a 

k sin O' 


Since tho cross-sectional area of each nozzle 
is o'It, tho thoorotiuiU numhor of nozzles in tho 
are for normal full load is ajo'/i. 

In practice, overload valves aro gonorally 
fitted, making it possible) for this number to ho 
increased by about 50 per cent, to allow over¬ 
loads to lio taken, and to allow full output to 
bo obtained in emergency under reduced steam 
conditions. When tho length of the are if 
exceeds it tl, tho moan oirouniforonoo of tho 
blade ring, tho height h must bo increased; 
but ns it is not generally advisable to linvo 
inoro than a certain ratio, it may ho 
<*' !«'••»••*"» *•»•« blado angle towards 
f, "'l)ino, to obtain 


§ (16) The Akim', - flow Reaction Tym: 
(Paksons). 1 —The reaction turbine has a largo 
number of stages compared with the impulso 
type, and expansion of the steam takes place 
partly in the fixed and partly in the moving 
blades, instead of practically all in the fixed 
blades or nozzles, ns is the case with tho 
impulse type. For tho purposes of design 
equal expansion in tho fixed and moving blades 
is assumed ; and the large number of stages 
ensures that the pressure drop through each 
stage is always less than the critical, and since 
it is not advisable generally to have a greater 
blado height than r//o except at tho exhaust 
oiul, tho spindle diameter is stopped up as 
occasion requires, a common practice being 
to have three stages, which aro then called 
tho high-pressure, intermediate-pressure, and 
low-pressure drums respectively. Spindle 
diamotora aro arbitrarily fixed, usual propor¬ 
tions being in the ratio 1 : or 1 : s /8. 

Tho ideal turbine would have successively 
increasing blado heights in each cylinder 
to form what may lie called a “ conical ” 
turbine; hut in order to make machining 
practicable it is often arranged for tho blades 
to form a sories of parallel steps, though there 
may he several such steps on each drum. The 
fact that expansion lakes place in both fixed 
and moving blades and tho large numhor of 
stages makes it tedious to use the boat-drop 
method outlined for the impulse turbine. It 
is hotter to calculate the pressure throughout 
the turbino in the following way : 

(i.) The Preasnre along an Axial-jlow lie- 
action Turbine .—For tho sake of simplicity 
this is calculated for saturated steam. For an 
elemental difi'oronoo of pressure dp with an 
adiabatic heat drop 

*• = 2 glfi\ . . . (18) 

Since tho pressure drop in each reaction 
stage is always less than tho critical, tho 
equation of continuity gives tho relation 
e = QV/3000A, but V « H /lUp, 


so that 


anil 


. m . 

3000 x Wd pA 

Qll 

“Cl-8-rx l<FpA’ 

3 __Q a H° 

v 20*1) x i0 1 ®i) a A*‘ 


Equating (18) and (10), 




Q a H 

20-9 xT(}‘°A 2 ' 


(19) 


Integrating hotwcon tho limits of p x and p 2 , 
and including N — the ntunber of stages—that 
is, tho number of rows on either the spindle or 


• 1 Hen “Turbino, Development of tho Steam,” 

§§ (2), (3). 
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llio carting tlmt have the same mean din meter 
and height, 

(SH. _2NQ.-II 

l 5 “l? , r P 2 ) x iO‘"A 2 ’ 

which <m reihictieii gives 

, NQ' J H 

Vi ~Pa -.jT.'tjjx l0 ls A a " 

For a turbine working between the limits of 
p l and Pu this becomes 

■ ,20) 

p rt isi always small eom|mred with p v and ?>„* 
may bo neglected. Equation (20) may then 
bo written 

r-’^'iU/-©)' • < 20 "> 

which is the formula for Uio pressure along an 
axial-(low reaction turbine. 

In practice it in more convenient to work with 
Uio mean ring diuniotnr d and tins blade height h 
than with the area in square feel A. The opening 
o' (hco Fig. It (t»te) of a normal remiUon hlnilo limy 
bo taken as 0-iWilj and ainee there is always full 
peripheral mlnilHsiou, 

"Ml ■***'" 


then the average height /i=/i, -f-o.e, and the averngo 
mean dinmolor d—d l +«x. 

K 

dr. 


Hence 


m- 


(rf.+flj!) »(*,+«*)* 

1 

. 2 _r /_ i _ i_ <h -h 

VW-l-di 2(«*+rf,) 3 

2 /loe rf «*. .M/l/«&) 

aS“t“** d,* 4 2 \rf,rf»’ Ma/ 1 ’ ’ “ ) 

The log term ia negative and small compared with 
tho second term within the bracket. l/</|i/ 3 i« also 
small conipareil with 1/A,/,,. '.file omission of those 
two terms, which to a large extent compensate one 
the other, would reduce equation (22«) to 

iJ 1 , ... - (22 b) 

S /ij/ig 

as an approxinialioii. 'Jlho expression for tho 
pressuro along a conical turbine then becomes 

,,* ur'c;vn. s /’gr-j . m 

Equation (20b) may he wrillcu 

i>n-‘Ux 10-HJ J\\ N /v", . . (o 0( /) 


hd 

' ‘ * 

Substituting for A in equation (20a) gives 

]j«0>CK»x lo-hix/i'r.y/ 


(21a) 


(20b) 


When allowance is made for carry-over in (ho 
o.vlmiiHl, Hteam used to o[iem(o I ho governor (if used), 
leakage over the tips of the blades and in lho dummies, 
and Uio steam used for packing the glands, tho value 
fur j» would be about HO per cent for small and 87 J ]x‘r 
eent for large turbines of the Ihcorolionl value given 
by this expression. It may also be token to inorcuso 
in the ratio of the wpmvo root of the alwoiulo tninpcm- 
turo if miperlioated Hteam is used. Tliis formula may 
ho used either for one drum of uniform diameter or 
for a miries of increasing slops in which cnoh drum 
is of uniform diameter. 

In some turbines, Instend of the blades Iwing on a 
scries of steps, an approximation to the theoretical 
heights is obtained by making tho whole or part 
of Uio turhino with increasing blade heights to ap¬ 
proximate to a cone; for the conical parts of snob 
a turbine 23(N/A*1*) may lie evaluated ns follows; 
Consider a spindle of uniform diameter K with N 
Hinges of lixcd and moving blades increasing evenly 
from a menu diameter </ ( to a mean diameter rf s , 
and let h, and /i„ bo the Made heights at inlet and 
exit. Then 

(/,I A| and 


i a - h t d } - d 

"W~ N ' 


where - 0 represents an imaginary resistance of Uio 
turbine if tho steam were expanded down to /.cm 
pressure from tho uxhausl pressure (/>„). liy evahml- 
ing thi k expression for ji 0 and then working back- 
wards from the ex (must end if iH possible to cnlonhito 
tho pressure drop </») through caoh Hinge when tho 
blade lieights nml dinmelers nro known or assumed. 

(ii.) JleMion between the .Pressurem&Pammtt 
Design Coefficient K. —l«'or a conical turbine 
tho design cooMuionfc may ho oviihmlod ns 
follows, using tho notation of tho previous 
paragraph; 

K= S[Nd J llt° x 10-» 

sliytil, l «.r)V.r x l<>-» 

(23) 

= N [ l \ d 2 r V. 10 ® nearly. (211u) 

For tho ordinary axial-flow reaction turbines 
with stopped spindles and hhulcs, tlic design 
coefficient becomes 

K=[N 1 ff 1 a+lff«d,*+Nrff«*]B» x 10 “°, 

whore tlio suffixes ropresonfc tho tlutio oylindors. 
An arbitrary but convenient division sh to 
assume that thoro is Jit on tho low-pressure 
cylindor and JK in caoh of tho other two 
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oylindcifi. If a volooity ratio (a) is chosen 
from t lio cnrra i>r Inlilo in $ (it) and assumed 
ti» ho oun.'ilitiili for tho whole turbine, K can bo 
obtained from formula (Kin), 


/ K 

V \-\\'2V ’ 


( 10 «) 


whim the In ini heat drnj) (!) is known from tho 
Htmilll OlMKiUioilH. 

'.I’ll !h enables the nmnhor of singes on each 
drum to bo obtained when unco tho diamotora 
are (iHHiunod. 

tm ii''". 

2 [/ 1> 


Again, 


(24) 


where i anil tip arc tho heat drop and difforonco 
in pressure [jer stage. By in tog rat ion 

7781"H luge &«2*3II lug X, 

Jh 

. r 2 *:hl log x 

w lienee l -==£•-■ 

Ifimon tho velooiby ratio may bo written 

“~'V 1*3 x'2 ; iiiL lug x 

/ 2 ( 10 K 

■"■V ifidgx. 

If mi average value of 05,000 in inserted 
for the ImmogonoouH liead IT, ocpiation (21) 
becomes 

<l= \/2D()tegX‘ * ‘ ,(2 ' ln) 

wliloli moans that if log j> is plotted ngninst K, 
nsmiining a constant II, tlio result will bo a 
straight line. This forms a oonvoniont. olieok 
on a tabulated design, to see how near tlio 
velocity ratio remains constant through tlio 
turbine. 

(ill.) J'ropnrlwtix of Mutiny ,— Tho volume of 
steam Hewing per nenonri may bo written 

0 " l,io r " 01 ' l H,l ' H0CO1M l « 

and the sloam vehmity 

" IIOOOA f,!0t ,K,r H( ' OOIK, • 


Hi lieu A 


Mid 
: M-l 


from equation ( 21 ), 


Again, tho blade speed « from formula (15) is 

w ”iPu) foot i 101 ’ BCC0,ulj 

no that the velocity ratio («) may bo written 

U 3(10(1 s-A-E/id 3 


" c “2:i0 x W.4QV' 

mu* 

^ 2 S);uav , ‘ * 4 


(25) 


Per a normal reaction hlado the opening b 
may bo taken as 0-35 ; but in order to prevent 
the blade heights from becoming excessive 
towards tlio exhaust end I; may equal 0-5 
(semi-wing blades) or 0-7 (wing blades). This 
is a convenient expression for determining tho 
heights of tho blndcs, particularly nt the 
exhaust end, when due allowance has been 
made for reheating in tho final specific volume. 

a. s. 

- t. r. 


Stefan-Boltzmann Law ok Radiation : a 
law which states that tho total radiation, of 
all frequencies, in unit volume, is a function 
of tho absolute temperature T only, and is 
proportional to tho fourth power of T, 
See “ Radiation Theory,” § (5) (i.); “ Pyro- 
tncfcry, Total Radiation,” § (2). 

Stkiuihnson’s “Rocket.” See “Steam 
Engine, Reciprocating,” § (15). 

Stiffness of Beams. See “ Structures, 
Strength of,” § (fi). 

Stirling's Cycle. See “ Thermodynamics,” 

S (27). 

Stokes’ Formula for the Resistances to 
tub Motion of a Sphere in a Viscous 
Liquid. See “ .Friction,” §§ (8), (21). 

Stone, .Brick, and Concrete i General 
Conditions for Testinci. Sco “ Elastic 
Constants, Determination of,” § (135). 

Stone and Brick—Taut; dated Results of 
Crushing, Transverse and Absorption 
Tests. Sco “ Elastic Constants, Determina¬ 
tion of,” § (135), Table 51. 

Strain : a term used to donote a development 
of the purely kinematic conception of rela¬ 
tive displacement j two kinds of strain 
must be distinguished: 

(a) “ Stretch ” oT " Extension,” defined 
as the limit, wlion All is indefinitely do- 
orensod, of tho quantity 

rA'B'-AB-| 

C== L "AB" J’ 

whoro AB is an olomont of length along tho 
axiR Oar, and A', B' tho positions of the 
points A and Ii when tho material is 
stretched. 

(b) “ Shear - strain ” or “Slide,” defined 
ns tho valuo of 7 , in tho expression 

7 = aC'A'E' - Z.CAE, 

when tho original A CAE is a right anglo, 
aOAE being one of the angles of tho 
olomentavy parallelepiped of the elastic solid, 
and O', A', E' tho now positions of the 
points 0, A, E when tho solid is stretched, 
See “ Elasticity, Theory of,” § (3). 

Stream-flow, Gauging of. See “Hydraulics,” 

§{ 0 )- 
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STREAM-LINE MOTION 

A “ link OV motion," in Hydrodynamics, is a 
line drawn from point, to point always in the 
dirootion of the velocity. A system of such 
lines, if drawn sullioiently close, gives an 
instantaneous picture of the whole state of 
motion of the fluid so far ns direction only is 
concerned. In the ease of an incompressible 
fluid the representation can ho made to in¬ 
clude the magnitude of the velocity as well. 

In two-dimensional motion, for instance, tho 
velocity is indicated hy the greater or less 
degree of closeness of tho lines, if theso are 
suitably spaced, lifting everywhere inversely 
proportional to tho distance between adjacent 
linos. In throe - dimensional oases we must 
imagine tho fluid to be made up of filaments, 
or “ tubes of flow," each containing tho lines 
of motion which traverse a small area. If 
tho sizes are adjusted so that tho flux, i.e. tho 
product of tho velocity into tho cross-section, 
is tho same for ouoh tuho, tho velocity will ho 
everywhere inversely proportional to tho area 
of the cross-seclion, 

In gen oral tiro configuration of tho lines of 
flow is continually changing, so that tho linos 
of motion may dilVor widely from tho actual 
paths of the particles. It may happen, ! 
however, that tho configuration is persistent, 
whether absolutely in space, or relatively to 
a moving solid. The latter caso is reduced 
to tlm former hy impressing on everything a 
velocity equal and opposite to that of tho 
solid. 'Tho motion of tho fluid is thou said 
to ho “ steady,” and tho lines of motion aro 
appropriately* described as “ stream-lines,” 
since thoy are now tho actual paths followed 
by tho fluid particles. 

Tho flow of a real fluid rotation to an im¬ 
mersed solid is, however, seldom entirely 
“steady.” Under tho influence of friction 
eddies ’ aro formed which are continually 
detached from the surface, and drift away 
until thoy aro finally extinguished hy viscosity. 
To diminish tho loss of energy and consequent 
increased resistance, due to this cause, it is 
important, in such questions as tho design of 
aeroplanes, airships, and oven aeroplane struts 
and wires, to chooso such forms or sections 
ns aro found (empirically) to rcduco tho forma¬ 
tion of eddies to ft minimum. Such 
shapes aro known as “ stream-lino ” 

" forms, since the flow past them can 
a> bo represented to somo extent^ by 
a permanent system of stream-lines. . they 
aro not unlike the contour of a fish, m that 
they aro rather blunt in front and taper 
towards the rear. 

The tracing of tho stream-lines m various 
typical cases of motion of an incompressible 
fluid is an important problem of theoretical 


hydrodynamics. In two dimensions Ibis is 
facilitated hy tho, use of Lagrange’s “ stream- 
function ” if /, which may ho defined ns follows. 
The motion being supposed everywhere parallel 
to the plane xy, wo draw in this plane a lino 
from a fixed point A to a variable point P. 
'J’he quantity of fluid which in unit time 
crosses any two such lines (any from right to 
loft as regards the direction from A to P) will be 
the same, provided tho space between thorn is 
wholly occupied by fluid. It may therefore be 
regarded as a function of tho position of P ; 
we denote it by \f/ p , nr simply by ip. If P 
describes n stream-line, no change ensues in 
the value of p, and tho equation of (lie family 
of stream-lines is therefore 


^—constant. . . . ( 1 ) 

If 5s be a line-element drawn in any direction, 
and Si p tho corresponding variation of p, wo 
have 8p—q8s, where q is tho component 
velocity at right angles to 8s, reckoned positive 
when from right to loft. Hence q - dpfds. 
Ah particular cases, tho component velocities 
at P parallel to tho co-ordinate axes mo 
dp 


<■!/ 


()p 

V = sr-, 
f).1! 


( 2 ) 


Those satisfy, ns Limy ought, tho equation of 

. tim,ity ' * + *o. . . . (Ill 

r>» c)// 


Any form (free from singularities) which we 
may choose to assign to p gives a slato of 
motion which is geometrically possible as an 
instantaneous condition; but if. duos nidi 
follow that ibis can persist dynamically, oven 
in a friction less liquid subject only to the 
mutual pressure of its parts. 

If tho motion has been generated from 
rest, either by pressure only, or under the 
action of ordinary forces such as gravity, it 
may ho shown that tlm component velocities 
can bo expressed also in tho forms 


dp 


f)i P 


( 4 ) 


whore </' is a function called tho “ volooity- 
potonlinl ” from its analogy with tho gravita¬ 
tional and olcctrio potentials. The curves 
0 =const, aro accordingly called “ cqui- 
potontial ” lines. If 5s ho a linear dement 
drawn in any dirootion, tho velocity along Ss is 


dx , dy 

it , H-n / = 
(Is (IS 


tip 

vs' 


(B) 


from (4). It follows that tho component 
volooity along an equipotonlial lino is zero, 
and therefore that tho curves <f>~ const., 
^>=const. intersect at right angles. If these 
curves.he drawn for a series of equal infinitesi¬ 
mal increments of <f> and if/ they will, moreover, 
divide tho piano into infinitesimal squares. 
For if to-ho tho distance between two common- 
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liv'd Hlimni-liiH'.s, and fin- Unit between two 
consecutive o(|iii|ioldii(iiil linos, tho velocity 
may Ins expressed (as regimls magnitude) 
either l»,v fif/Sx, or by SfjSu. Hence iC o\p — Sip 
we have fix- Rd. 

A .solution of tho combined system of cqua- 
fiisns (i!) nml ( I) is obtained by any assumption 
of tins form 

<l> -l if ~--f{x I- iy), . . (6) 

whore i -- v'{ - 1). For this makes 


«> . . 

r\. ’ * 1 * I*-. « 

<•'/ Pi 


i(g+||). (7) 


u'lioni'i 1 , counting Hoparulcly tho real and 
imaginary piuls. 


fiyS'_Dijft 

litj'tfx* vx~ 3 y 
Tho pnrtiouliir niiHO 

if"- V(d! + ii/) . 


( 8 ) 

( 0 ) 


gives a uniform How with velocity V in the 
direction of .r-nogutivo. 

Again, tho nssumption 

</> I if-O log (a: i- iy )--0 log (re'®), ( 10 ) 

whom r, 0 am polar eo-mdinatcH, gives 


</» --(! log r, . . ( 11 ) 


The slvoiiin-lmos 0 const. aio straight lines 
mdiuting from tho origin, which may bo 
regarded as a ilolilioiiH “ source ” of Iluid, 
Hlnoe llio veloeity is -9-(.!//, tho out¬ 
put of this source, ns measured by tho flux 
across any circle of radius r, is - 2 jr(',', 

Jf in ( 10 ) wo put (!:-VC', wo havo 


tho lino ^=0 consists partly of tho axis of 
x (y~ 0 ), and partly of the circle »•=«, The 
formula therefore represents the flow with tho 
general velocity V past a stationary cylinder. 



There is ft similar theory for the ease of 
syinmotry about an axis. The motion being 
supposed to take place in a series of planes 
through 0 ®, and to he tho same in each such 
plane, a lino AP in tho piano xy will ropreaont 
an annular surface about O.r. If A is fixed 
tho amount of fluid which in unit time crosses 
this annulus will depend only on tho position 
of P ; wo donate it by 2irip, If P bo displaced 
parallel to 0 y, wo havo 2irfiip - - u. 2 -jr ijSi/, 
whore « is the velocity parallel to Ox. Again, 
considering a displacement parallel to O.v, wo 
gob 2nfi\f/—v,2iri/fix, whore v is tho velocity 
at right angles to O.r. Tims 


1 df 

U-~ "• r~, 

V < 'U 



(16) 


In tho same way tho velocities along arid 
at right angles to tho radius vector OP aro 
found to ho, in polar co-ordinates, 


tf, r- - (',0, f-(Jlogr. . . ( 12 ) 


TJm stumin-Iilieu am now om-les about tho 
origin. Wo havo tho onso of a “ fmo vortex,” 
but Ifni region immediately about tho origin 
must lie excluded from llio domain of tho 
fiirimdiu 1 , nineo llio velocity thoro would bo 
inllnilo. 

Again, Hid iiuuiiinplion 


or 


•/' l if 


f,‘ l!(.r-f//) 

a;-I iy ®' J i ?/ 3 ’ 


( 'ii C! don 0 
aj' J ij v r ’ 


<'u 

**+«/* 


sin 0 


(i:i) 


(M) 


given two systems of circles touching tho axes 
of if mid x, respoiitivcly. Tho oirolcH ^—oonHt. 
urn tlin Much of flow due to llio motion of a 
nyflmlnr pamllel to tho axis of a 1 . TIub may 
hn soon by superposing a uniform flow parallel 
to ai, thus if 


It" Y» (i->)- 


u'= - 


1 df 

r 2 sin 0 tiO ’ 


I df 


& <17) 


r sin 0 f?r* 

When a volocity-potontinl oxists wo have also 

. (18) 


dip dip 

U= ~^> v =~dy 


u' - 


‘5? 

dip 

"d? 


, dip 
rdO 1 


(ID) 


In tho onso of a uniform flow parallel to rr 
\vo liavo obviously 

<P=Vx, f«$VyK . . (20) 

The next simplcBti oaso is that of radial flow 
from a sonroo at tho origin, viz. 

.( 21 ) 

0 * 

whonco i/=0. . . . (22) 

Com paring with (1 (S) wo have 

f=Ccos0 = C!™. . . (23) 


Tho onso of a “ double source,” i.e. of a positive 
sourco and an equal negative source (or 


. <1G) 
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-(-ilc ”) olono together at the origin, is 
‘ hy differentiation with respect lo x. 

'l;li 


LlS 


0 =-o;. 


* =(»- 


( 21 ) 


, represents the ease of a sphere moving 

1 ^,iiig1 1 it liquid which is otherwise at rest. 
,* * j- *4 u tier posing a uniform (low parallel to as, 

to ;«*y' vrito 


0 -UV( 1 


rt 3 \ 

~rV' 


(2fi> 


But, writing R for the radius of curvature of 
the stream-line at I’, and on for PF, wo have 


l‘Q 

P'Q' 

ultimately. Henoo 


R 

it-svr 


:1 + 


Sn 

ii’ 


0i>_ 

On 


v 

IV 


(28) 


Again tho normal force per unit volume at P 
is pw*/!*, whence, resolving the forces on a 
small element, 


0 — 0 consists partly of the axis of x 
t id | « ll ' tl y () f circle r-~u. 

1 rpjio variation of pressure along a stream- 
j. 0j in tho steady motion of a frietionless 
jV /id, is given hy a simple formula due to 
JJomoulli (17118). Consider two eross- 
(iy'ot'i <,nH ««., of a tuho of flow. Let p 
don"* 1 ' pressure, v velocity, /) the density, 
\r t f io potential energy per unit mass relative 
to tl >0 held of forco, if auy. lit the timo St 
jx. niaHS /nqS.Sjfit crosses the (irst section, and 
ll(1 tf)t|iial muss i>v 3 5H. 3 Sl crosses tho othor. 
l Io , lt! o tho portion of fluid which was initially 
j )l( , lulled hotwoou tho two seolioiiH has gained 
cstior^y l() die amount 

{(pV a -I- JpV) - (pV, I- ApWi 3 )}p»SfiSl. 

JVvt (, f work ■p 1 SH l ,v l Sl has licon done 

ori |t nt tho lirst section, whilst it has done 
work <m tho adjacent fluid at tho second, lo 
fcli.o m, mount p.jSRp'aOh 'The (excess of work 
clone on it is thoroforo (/», -- p a )«oS5f. liquating 
till** to tho increment of energy, wo liiul 

Pi +pVj + ipvi^p-i l pV 9 -I- .J pv a a . (2(1) 


'J?li.es exuantity 

p l/)V-l- ipt a 


in dulled tho “total hond"; it is horn 
pro vex l to ho constant along each stroam-lino, 
Ini I:, not necessarily when wo pass from one 
»<broain-lino to another. This theorem is tho 
Ixihih of the method of measuring tho velocity 
at ivi lv point of a stream hy moans of a “ Pilot 
fcn l>o, ’ ’ Tho above proof assumes that friction 
be neglected, hut not that a volooity- 
IKiloutiiil exists. In tho latter case tho stato- 


inrmfc may ho extended; tho total head is 
llu-Mi arori/whcxe tho same. 

A niniplo proof of this statement may ho 
£?ivou for tho case of two dimensions. Lot 
PQ lio an element of a stream¬ 
line, and lot IT', QQ/ ho normals 
drawn to an adjacent stream-line. 
Ultimately IT' and QQ,' will he 
dements of two eonscoulivo 
inpiipotontial lines, so that tho 
* ► £ potential (0) from P to'Q will ho tho 
as from P' to Q'. Hence, if v and 


■6 


p 

If’lCl. J), 


Q 


f*Ul 

Millies 

LI ici corresponding volooUies, 


- 50 ?r.v , PQ ~(i> -|. 5w)P'Q'. . (27) 


3 _ <)■]>_ OV 

'll ~ on t'dn' 


Having regard lo (28), this may bo written 

fc(p+pV+ipv»)= 0 , . . (30) 


showing that Uio total hond docs not vary 
when we pass from one atreimi-liiic to another. 
Tho above proof could he extended to throe 
dimensions with the hoi]) of elementary prin¬ 
ciples of the theory of curvature. Ir , Ju 


8thkam-i.ini! Motion. Seo “Ship Resistance 

and Propulsion,” § (Iff). 

Stiikss: 

A term used, in the theory of elasticity, to 
denote tho limit to which tho quantity 
7>, dolinod hy 

^ [area df A'frlxQ’ 

tends, us the area, is mdoliniloly reduced, 
whore A UPC is ono face of a small 
parallelepiped of tho elastic solid under 
consideration, and P in tlio resultant forco 
duo to the total action across tho face 
AB1XJ exotic d upon tho material con¬ 
tained in tho parallelepiped, Seo “ Elasti¬ 
city, Theory of,” § (3). 

Alternating Stress Tests nil Mild Steel. Seo 
“ Elostio Constants, Determination of,” 
§ {(18), Table 27. 

Analysis of. See “ Structures, Strength of,” 

§ ( 2 ). 

Bairstow’s Experiments oil Klastio Pangea 
of Stress. Seo “ Tfilaslic Constants, IJotor- 
mi.iatirm of,” § (GD). 

Baviehingor’s Theory of Failure under 
Ropoated Stresses. Sen ibid, § ((ID). 

TI.o Criterion of Failure inkier Combined 
Stress. Seo ibid. § (7fi). 

ElTcol of Rapid Changes of Section and 
Surfaoo Condition on the Limiting Range 
of Stress. Seo ibid. § (73). 

Effect of Speed of Testing on tho Limiting 
Range of Stress. Seo ibid- § (72). 

Exporimonts on STotals under Combined 
Sirens. See ibid. § (7(1). 

Exporimonts oil tho Repetition of Stresses. 
Sco ibid, § (OS). 

Be 


vox,. x 





802 


STRESS, INTENSITY OF—STRUCTURES, THE STRENGTH OF 


For mulin' for Ropealcil Stress Tests. See 
ibid. S (70). 

lit it Struct urn duo l<> External Iteads. See 
“ Structures, Strength or,” § (4). 

! iiLouHtLy uf. Sno ibid. $ (ft). 

Maximum Shnur Theory of li’n.iluro under 
Ui im binod Stress. Stic “ Elastic Cun- 
HtiuitH, .Determination of,” § (7. r >) (iii.). 
Maximum Strain Theory of Failure undor 
Combined Stress. Sen ibid. § (7fi) (ii.). 
Maximum Htmm Time try of Failure in Com¬ 
bined Stress. Sen ibid. § (75) (i.). 

].to|tented Applications of Combined Sirens. 
Sec ibid. $ (77). 

Itesihtiuten of Materials to Gombinocl Stresses. 
Sen ibid. 8 (71). 

TohIh on .1 tolled Aluminium Alloys, at 
varying teinperntuiitu, under alternating 
stresses. Sen ibid. § (121), Tallin 44. 

Tests on Ktonl, at varying tomporaturcs, 
undor alternating stress. Sen ibid. § (121), 
Tallin 43. 

Hthrss, Intknmty or Son “ Struolurca, 
Strength of,” § (R). 

Ktkichh and Strain, Rki.atjojsh iiktwehn. 

See “ Elasticity, 'L'honry of,” § (5). 
S’l'KOIKIHOOrtO MkTIIOI) Ob- MKAH1IK1N0 Sl’KKD 
uv FoltK AND .1 N'l'KKMlTTKNT JI A. DM1 NATION. 

Hue “ Meters,” § (13) (i.), Vol. III. 
StHOIIOHOOIUO MllTUOll OF MHASUIUNO Svbkd 
with Si .it Fork. Sen “ Moters," § (13) (i.), 
Vol. 111. 

STJUim-uiiio, Heavy, Limitino 8ws of a. See 
“ Dynamical Similarity, Tlio Principles of,” 

§ (43). 

STRUCTURES, THE STRENGTH OF 

j: 

§ (1) Faoiok of Safety. — Tlio estimation 
of 11 mi strength of a Htriinturo, or the prodiotion 
whether u Htrmituro will lie able to fullll satlH- 
faolorily the purpose for which it in designed, 
is In nianycuHiiH a mutter of no small diJIleulty. 
Firstly, an ostliimtiuii lias to lie made of the 
hmdn,' movingand s twlli many, which the Htruo- 
Oii'c I ms to carry. Secondly, the strength anil 
behaviour of tlio underlain to bo used have to 
lie determined. Thirdly, the magnitudes of 
the actual intoned stresses 1 ami strains in tho 
Himnturn duo to the n]iplied loads havo to be 
found, in order to son that the allowable 
amount, as determined from a test of tho 
material, is not exceeded. With all three of 
these, in most cases there is cumsidornhlo un¬ 
certainty, and to allow for thin tlio engineer 
lines what is milled a factor of mfclij. 

Tlio factor of safety is usually defined as 
the ratio of the a tram which will just cause 
complete failure in a sample of tho material 
divided by tho maximum estimated stress of 

1 I'Vi'definitions see article " Elasticity, Theory of, 

§§ IB), (»). 


tho same kind occurring in the structure. For 
example, a factor of safety frequently employed 
in steel bridges is about 4, but this must not 
he taken to mean that the structure is really 
four times stronger than required. To start 
with, the steel will he strained beyond its 
elastic limit if tho tensile stress in it is only 
some GO per cent of tho tensile stress required 
to cause failure. If this occurs there will ho 
jiermaiicnt set, and tho strain will he a function 
of tlio time during which tho stress acts. For 
most purposes the structure will bo useless, 
oven if not completely broken. This reduces 
tiic so-called factor of safety to 2 instead 
of 4. 

Again, tho material is usually tested by 
applying a dead load to it, whereas, in many 
eases, part of the load on tho struoturo is a 
moving one. In the enso of a bridge, for 
example, allowance must ho made for the dead 
weight of tho structure itself, the moving load, 
and tho forco oxortod on tlio bridge by this duo 
to it coming on unsmoothly and thereby pro¬ 
ducing impacts ; also tlio effect of wind on the 
structure has to ho taken into account. The 
estimation of the value of all these can only bo 
an approximate ono, and tho final estimate is 
liable to a fairly largo error. Tho methods 
employed for estimating tho applied loads 
hardly come into tho scope of this article. 
For information on this subject the reader 
should refer to practical books on design. 

Tho strength of tho material used is not 
accurately known. It may vary somewhat from 
that of the lest specimens experimented with, 
and whereas in the tost tho stress was of a 
simple character, in tho actual structure (ho 
stress may ho a compound ono. Also various 
approximations have to bo made in our estima¬ 
tion of tlio stresses induced by the external 
forces, and in cortain parts of the design these 
may ho considerably in error. 

Lastly, allowance has to he made for errors 
of workmanship, effect of corrosion, and so on. 

Taking all these points into consideration it, 
is easy to sec that our so-called factor of safety 
is largely a factor of ignoranco. In most well- 
designed modern largo structures it is probable 
that the margin of safety is not largo, though 
sufficient. This is to ho attributed as much to 
practical experience ns to theory. 

It has already been noted that in most 
cases a struoturo is usolcss if tho material is 
strained beyond its elastic limit, and it if* 
obviously of very great importance to know 
what actually is tho factor which causes elastics 
breakdown in the different materials used in 
construction. Various and numerous attempts 
liavo been made to determine this. 

Tlio three main theories of clastic break¬ 
down arc that it occurs : 

(i.) When the greatest tensile or compressive 
stress exceeds a certain amount. 
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(ii.) When the greatest stretch exceeds a 
certain amount. 

(iii.) When tlio greatest slide exceeds a 
certain amount. 

Since the greatest slide is a function of the 
greatest shearing stress, in the third theory 
wo may read shear in place of slide. More¬ 
over, since, ns shown in § ( 2 ), the maximum 
shear is measured by half the difference of the 
principal stresses, this thoory may also ho 
described ns a stress-dilToronco theory. 

Experiments so far havo established the 
faet that no one of these theories is true 
for all materials. For ductile materials there 
is considerable experimental evidence that the 
governing factor is the greatest slide or shear. 
In tho case of some brittle materials the greatest 
stretch theory appears to bo fairly correct. 

Another theory which has boon suggested is 
that clastic breakdown occurs when the resili¬ 
ence, i.e. the energy per unit volume stored 
in the material line to strain, oxeceda a 
oortain amount. 

Due to the uncertainty of the cause of elastic 
breakdown, the English and American method 
of design is generally to follow Kankino in 
assuming that the strength of a structure 
depends upon the greatest tensile or com¬ 
pressive stress to which the material is sub¬ 
jected. The ultimate strength of the material 
in simple tension or compression is found 
experimentally, and in the structure the 
greatest tensile or compressive stress is not 
allowed to oxccod some fraction of the ultimate. 
In certain cases the greatest estimated shearing 
stress is kopt to some fmotion of the ultimate 
shearing stress found for the material. 

§ (2) Analysis ov Stums. 1 —In order to 
analyse the state of stress existing at any 
point of a material it is usual to eonsidor tlio 
equilibrium of a rectangular parallelepiped, of 



indefinitely small size, and containing the point 
considered. In general, tlio stress mi each face 
may bo resolved in to a normal stress (It) and two 
tangential stresses (S), those stresses being par¬ 
allel to tlio axes of the parallelepiped. See Fig. 1. 

From the equilibrium of the parallolopiped 

1 Bco article " Jilimtlelly, Theory of," § (4). 


o _ fo ! ImvB t,lat S„, = S„, and 

— S,,. 

By rotating the parallolopiped about the 
point wo find that for one angular position 
of it the normal stresses on the faces are 
a maximum or a minimum. The planes 
of the faces are called the principal planes 
and the normal stresses on them are called 
the principal stresses. It iH readily shown 
that on the principal planes there nro no 
tangential stresses. Similarly it may ho 
proved that if tlio faces of tho parallolopiped 
lie arranged at 45° to the principal planes the 
shearing stresses on the faces will bo n maxi¬ 
mum or minimum. Further, the. intensity of 
greatest shearing stress at any point is erpinl 
in value to one-half tho algebraic difference 
of tho greatest and least principal stresses. 
Wo will examine tho easo of a two-dimen¬ 
sional static of 
stress, i.e. ono 
in which Micro 
is no variation 
of stress in tho 
direction per¬ 
pendicular to 
tho two di¬ 
mensions con¬ 
sidered. 

J-iObAliO 1)1)0 _ Pto ij 

a rectangular 

parallelepiped of unit dimension in u direction 
along which there is no variation of stress. To 
find tlio normal and tangential stress on a plane 
inclined at nil angle 0 to tho x axis, consider 
tho equilibrium of tlio triangular wedge BCD. 

Revolving normally and tnugonliully to DB 
wo havo 

0i-p B oos 8 0-Si4in20, . (1) 

l - (p u - p x ) ----- - S cos 2 0. , (2) 

For tlio principal planes, dnjdO =0. Tills 
gives 

0 = 1 ( tair 1 — + nr } , 

l Px - J 

wliOl'O r=0, 1, 2, cto., i.e. thoro nro two pianos 
mutually at right angles. 

.Substituting tlio values of 0 given by this 
equation in equation (l) wo got 
Tho principal stresses 

_P*+Pv , *Apu ~ p*> a + ‘is 1 

2 - 2 ' 

Substituting in (2) we seo that thoro in no 
shear stress on the principal planes. 

Similarly wo may show that tho maximum 
shoaring stress occurs on pianos inclined at 
•ib° to tho principal planes and is of intensity 

-p»} *4-dS a 

2 ' 

i.e.. i (the difference of tlio principal stresses;. 
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§(•)) Htuaixs nuB to I’uinoipaIi SthkSseh. 

_j_ <5 fc p t R , R. ho Hio principal stresses. 

Lot r jky ho* tho stretches in tho directions 

’ Let 1 1m lie Poisson’s ratio, i.e. tho ratio of 
tlie lateral contraction por unit breadth to tho 


R* 



longitudinal extension por unit length, duo to 
u single tensile stress. . ,, 

Lot hi canal the modulus of elasticity. then 

Ha R« R* 


Cx E mli mil I 
Rjo . R;w _ _R* l, 

e “” min' .is wii'i t 

Itj _ B# itj 
e “ ~ ~ wi E ” m E h E 


Thoso are tlio principal sti'ctclics. 

As an oxample of the different dimensions 
which tho theories of elastic breakdown load 
to in design, wo 
will tako tho oaso 
of a thin circular 
tuho subjooted to 
nti axial twisting 
momontof magni- 
tudo M inoh-tons. 

Tho figure 
shows a ornss- 
sootion perpon- 
dloular to tho 
axis, It is obvious 
that tho shearing 
stress on the section has to provido a conplo 
to balatieo tho twisting mom out. 

Since the thickness s in. is small compared 
with tho moan radius r in. wo may consider 
tho Bhoaring stress practioally uniform. If S 
is tlic intonsity of shearing stress in tons por 
sa. in. wo have 

H« 2 jt» , 8 2 S, 



M 

or tons por sq.m. 

Tho threo prinoipnl planes at any point will 
bo two pianos making angles 45° and 135° 
with tho axis, and a piano perpendicular to 
tho radius. 

Tho principal stresses will bo 

- s, -s.o. 


Greatest principal stress 

= S.(1) 

Greatest principal strotoh 



Greatest shearing stress (seo § (2)) 

= S.(15) 

Suppose a sample of tho material when sub¬ 
jected to a simple tensile stress has an olastio 
limit p tons por sq. in. 

Tho greatest principal stress ~p. 

Tho greatest principal stroteli=?)/E, 

Tho greatest shearing stress-p/2. 

With tho samo factor of safety k on tho 
olastio limit, in tho oases (1), (2), and (3) tho 
thickness will bo, respectively, 

IM J)M_ m + 1 EM 

2 tt r-p' 2irr 2 p * m ’ irr*p 
For steel wo may tako )« = 10/3, and wo 
then get tho thicknesses as 
1 :1-3 : 2. 

§ (4) Term, Sthkss induckd j»y Extkk- 
NAi.r.Y Avpmku Loans.—In any loaded struc¬ 
ture we have certain loads applied at definite 
points, and those are balanced by reactions 
usually aoling at different points of tho 
struoturo. This causes tho material of tho 
structure to bo subjected to certain internal 
slressos induced by Ibo external forces. J.ho 
strength of any part of a structure will bo 
soino fimolion of tho resultant internal stress 
which tho part has to carry, and also tho 
dimensions of the part itself. 

In mdor to estimate tho resultant internal 
stress which occurs at any cross-section of a 
mombor of ft structure, wo imagine the member 
out at tho section considered, and wo then see 
that tho resultant of tho internal stresses at 
the scolion must balance exactly tho external 
forces noting on olio portion of the mombor. 
Tho sonso of this resultant will of course 
dopond upon which part of tho member wo 
considor. 

If wo considor a mombor such ns shown in 
Fig. 5 and tako a plane section All01), say, 



Fro. 5. 


it is obvious that, so far ns tho effcot of tho 
forces to tho loft of tho Motion are concerned, 
wo may replace thorn by a single forco noting 
through any selected point 0 in tho cross- 
sootion and a couple. This is easily seen 
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without any mathematical proof, since wo 
lni, y obviously prevent. motion of the portion 
1“ Mio loft by a ball and sookel joint at 0, 
la m 3 1 ti nod wit!) a couple to prevent any rota- 
linn about (). 

Tlio internal stresses at the section liavo 
In bnlmice then a single force and a couple, 
['‘nr enmvonienee we usually take 0 to bo tho 
oont ro of gravity of the area of eross-section, 
anil \vn lake three axes Oar, 0//, Os, mutually 
nt rjpfht angles, (hi: being perpendicular to the 
nioHn-m>otion and U// and Os being along tho 
primdjml axes of inertia of the cross-section. 
Wo roHolve the single force at 0 into its com* 
pmuMitH X, Y, and V, along (hr, 0 y, and Os, 
mid tho couples into tho tlirco components 
M.„ M u , M., about the axes ().r, 0 y, Os. 

X the algebraic sum of tho components of 
nil tho external forces to tho loft of tho section 
uloiig the axis (hr, and similarly Y and '/. 

M. r the algebraic sum of tho moments of 
the nxlnmnl forces to tho loft of tho Hoelion 
nbiiut the axis Ox, and similarly M„ and M,. 

At tho cross-sootion wo soo tiiat tho intomal 
litres hoh liavo to huhmee, a normal foreo X, a 
slioiiring force Y, a shoaring force Z, and tho 
tliron couples M Jt , M„, and M a . 

Tim rumples iM tf anil M, are usually called 
hendiug momonls, 
tho con) do Rlj. a 
twisting momout. 

As noted above, 
wo usually con* 
r sidor tho resultant 
• olTc.ct of oxlornal 
forces at any cross* 
sootion to consist 
of a Hi agio normal 
foroo passing 
through the centre of gravity of tho soo¬ 
th m, two tangential forces and three couples. 
Wo nHHinno tiie normal foroo produces a uni¬ 
form normal stress and strain over the oross- 
1 mot inn, mid wo have then to consider tho 
iiliouring stresses mid slides duo to tho tan¬ 
gential forces, mid also the stresses and strains 
duo In the bonding moments and twisting 
iiumiont, 

Tho problem then resolves itself into do* 
nigning niemliem to carry pulls, pushes, bonding 
iiinjiumts, and twisting moinonta. 

In the ease of a beam on which all tho loads 
iiro vortical and He in one piano wo sec Im¬ 
mediately that at any cross-section tho internal 
td roMHOH have to balance a single vortical foroo, 
wliioh in called the shearing force, at tho sootion, 
and n Mingle couple, wliioh is called tho bending 
moment. 

(,Nmnicloving all the oxtomal forces on 0110 
idilo of the (imss-Hoelion wo have ; 

Thu tihmriny Force is equal to tho algebraic 
mini o£ all tho oxtorna! forcos on ono side of 
tho Hoolion of the bonm. 



The Bending Moment is equal to the algebraic. 
Bum of the moments of all the external forces 
on ono side of tho section about a horizontal 
axis in the section. 

Wo can establish a connection betweon the 
shearing force and bending moment at any 
section. 

Consider a length ox of the beam. 

Let. F and M be tho shearing force and the 
bending moment 
at the section AD, w -° x 

and (F + 5]:’) and 
(M -l- JM) be tho 
shearing force and 
tho bonding 
moment at tho 
section BC. 

Lot wSx be tho 
distributed load on 
tho length or. For 
tho equilibrium of ABGT), taking moments 
about a horizontal axis through C, wo liavo 

VSx + M - (M + 5M) - - j- =0. 



Now wSx z l'2 is a term of tho second order, 
and wo may neglect it in tho limit. Honco 

” g “‘ lf= « 
dx' 


This is often very useful in finding the 
position of tho maximum bending moment, 
since the latter occurs whore the shearing force 
olmngcs sign. 

§(f>) Intensity ok Internal Stress.—• 
Having investigated tho resultant effects of 
tho oxtornal forces which liavo to bo balanced 
at each oross-scotiim by tho internal stress at 
tho oross-scetion, wo liavo next to investigate 
how tho intomal stresses are distributed ovor 
tho oross-seotion and what is tho intensity at 
ouch point. 

At this slago wo find that the principles of 
pure statics cannot supply us with sufficient 
information, sineo there may bo an infinite 
variety of distributions of internal stresses 
which will givo the required resultant forces 
and couples. 

Wo liavo now to call in tho aid of tho mathe¬ 
matical theory of elasticity and also the aid 
of experiment. Even with tho aid of both of 
these, wo frequently find that wo have to be 
content with an approximate solution of tho 
problem, which is a mixture of theory and 
inexact oxporimontal data. The engineer is 
at a disadvantage compared with tho mathe¬ 
matician, sineo he is frequently obliged to find 
some solution of a problem in design which 
tho mathematician can givo up if it appears 
insol vable. 

It may bo (mill generally that tho practical design 
of struoturcs lias always been ahead of the theory 
of design. If tho engineer had waited for the theory 
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of olitHlioiiv to 1“' 1 li-wlojinii lii'fnre building slrue- 
Luri'.-i tin, st rengt h <>f which lie(snilfl not Hrttisfiiiitiirily 
estimate, <h'Viln|inieiil. would Imvn been very trtoiv 
imIced, '|V, ii Inij'i; extent it nmy ho Raid that 
ilc'iif'iiH Imvn hi-cii rum In nml the BlmnlnreH eon- 
Hl.nicCi'd, and HMlMi*i|iienlly those lmvo been more or 
lima anI ijimiIihI l«> ilieorolie.iil annl.VHiH. Tho theory 
of I'liiHticity Inin mainly been helpful in clfeotinj' 
('OdiKiniy of mniorhil, but in itself it ho.H not, until 
recent' times, had tlio eifeot of producing now 
di'iugiiH. An nrlinlo like I ho present one rmiR tho 
risk of giving a qiiilo false impression iih to tho way 
in which tin, trim at length of n structure ran bo 
frit'll lulled. It. empluiaiHUH tho puil.H which arc based 
on theory and omits tin, purls of tiio design which 
nro based pii I Indy on judgment, or past designs 
which have Ixmn miwmaHful. The engineer, apart 
iroiii using all tin, help l.lio tnnMiomnUciftn and 
physicist can give liim, him In employ wind may 
ho milled his engineering instinct. Many of the 
jmi'trt of tlm design for which In, has got no theory 
in Imlp him tun im important, from tlio point of view 
of tlm strength of tlm structure mi a whole, iih tho 
parts which hiiimt, design with tlm nid of theory. 

Tlm subject. of theory <>f stnuiUirOH, of 
strength of tliiTorn from tho pure 

llttmry of olmdioity in hh far ns tho solutions 
obtained nro often only a rough approximation. 
'1*1)11 HifToionot, is similar to that between 
Itytlnnlynaninm utul hydraulics, Tho ,mo is 
tlm rigid inathoinatloal theory dealing with an 
Ideal lUtid, llu, other In tho engineers’ treat¬ 
ment of pruotitml projiloms based on mtitho- 
iiucllonl theory fu) far ns thin a g re os with 
pmotlenl roHulta and also largely upon expori- 
numt. 

In the theory of olimtieity thoro tiro cortnin 
alums of bonding, twisting, etc., which have 
lioon Hulved by tho umthoiniibiahin. Thoso tho 
ongimior uhch vory largely. R° | n ahcs 
great iiho of tho principle of superposition. 
'I'li in assumes that tho of fee Is produced hy tho 
sopamto forces and cottplos am indojiondont of 
one iinotlior, and that tho resultant strain at 
any point is moroly Uio resultant of the 
separate strains produeod. 

ft 

$ {(1) Mbmmhuh HUn.ii:tiTMi> to Rkndino.— 
(Imtsidor the eiiso of a beam of humogoncous 
and too tropin mutorinl subjected to puro 
eon plea applied ul tho ends It,tiding to bond it 
In Urn plane of its longitudinal axis- In Hub 
mme the internal hIi'cbhos of uiiy oross-neotion 
have only to produce a ouuplu eipiai m magm- 
tudo to the bonding moment. ^ 

\Ve shall malm tin assumption, first nuulo by 
Ihirnoiiilli, vlfc tlmt plane sedinns pcrpcndi- 
mini- h Ike plane of bending remain plane. 
Probably tlm bent justification of this lies 
in the fact that results deduced from it nro 
in agreement with practical oxporionco. ft 
etm also ho verified mnthoinatioaUy on cortam 

‘ See " Elasticity, Theory of." § (*)■ 


assumptions us to tho way the Lending 
moment, is applied. 

Fig. 8 represents a small piece of the beam 
hounded at tho ends by plane sections. Ucfc 
0 . and 0 l,o tho centres of curvature, before 
and .after tho bonding moment is applied. 

It is clear Unit there will bo one layer of 
tho material d D g 0 which will not change in 



length during Lending, tho material nbovo 
will he stretched, tho material holow this lnyor 
will bo shortonod., 'Phis layor is called the 
neutral layer. Lot R 0 and It bo tho radii of 
curvature of this layer before and after 
bonding. 

For a layor at a distance y above the noutral 
layor tho stretch (c) is givon by 

(ti> - «A (it -i- <M - < Rq + y)Q y( go - R) , 
«A (R 0 + y)0 (I<o-h 2 /) 1 1 

v Ri/,=R o 0. 

If lt u in largo compared with y, wo may 
write with sufiloiont aeouracy for practical 
1)liriK)8CS, 

/1 1 \ 
e “fe-R> 

If Uio beam is initially straight R 0 = oc, and 



In both these oases wo got tho stretch 
varying us tho distance from tho neutral layer. 

Assuming that tho material ohoys 1 l.oolio s 
Law, and that each iilamont of tho homn ia 
free to expand and contract independently 
of tho surrounding filaments, and also that tho 
valuo of Young’s modulns (E) is tho same for 
tension and compression, wo then liavo tho 
normal atross varying as the distance from tlio 
neutral layor. For a Loam initially straight 
we may write 

E 
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1 !>o trace Ilf llio neutral layer <m a cross- 
>l ’V|i l<>1 } ' N nailed the neutral axis. 

J “Icing moments alnmt the neutral axis 
Llus normal stress on tlio cross-section, 
'(/• R, \vo get for the resisting moment 

Mr" I I' l>y : dy . I, 

whtsi.ti I ja the moment of inertia of the oross- 

soction about tlio 
neutral axis. 

Tlio resisting 
moment must 
balance tho bond¬ 
ing moment M, 
and wo may write 
;i_i\I_ 1C 

y i. it' 

For the posi¬ 
tion of tlio neutral 
axis we nolo that 
FlO. 1). tile normal stress 

over the cross- 

unoLion must have /.ero resultant, i.e. 



J'bpdy-i), 

fbydy---A). 

I'bo neutral axis, therefore, passes through 
liar nontie of gravity of the erosH-Hoetion. 

\V'«» luivo, further, the feet that there unn lie 
tin roHiillnut eouple about all axis r»«/ porpon- 
iliimlni” to the axis of bending oz, i.e. tho 
non trnl uxis. 

« iv “ 0, 


i.r. 


JJzydydz ~ 0 . 


Tho |>ro<lnot of inertia of tho emss-soothm 
must I in zero, and therefore the neutral axis 
nnmfc bn a prineijial axis of inertia of tho 
nmHH-Hontion, 

I f /, and / 3 are the maximum lonsilo ancl 
nnimmwsivo stresses respeotivoly, at any 
nroHK-Htmtion, and y, and y A nro the distances 
from tho neutral axis to the top and bottom 
of tlio bourni then 


M«~ ,/ a . 

!h Ik 


*rho values i/i/, and ify e depoud only upon 
tlio m]» iv ]io and sizn of tho enms-section, and 
nro oulled the moduli of the ucction (Z x and 
/. and / 3 roprosonfc tho maximum 
IoiimMo mid eompressivo stressos allowed in 
Mm Hiulerial, then tho greatest bonding 
miMiiont the section may carry is given by 
wltinliovor of the values /,%, or / a Z 3 is 
leant. 

For nt am lard rolled stool sootions tlio values 
uf >5, mid Z 2 liavo boon ealoulatod niul tabu- 
lutoii, thus simplifying tlio process of dosign. 


In the ease of built-up girrlers is which the flange 
area is large compared with (ho wcl) area it, will bo. 
found tlmt the moment of resistance (o bending 
coatrilmtcil by tin; web is only n very small percentage 
of the whole, and in such cases we may assume Hint 
tlio llanges provide the whole resisting moment. 

If A =thc area of each flange, 

/=the mean longitudinal stress in each flange, 

A == the distance between the. centres of gravity 
of the flanges, 

(lie moment of resistance = /Alt. 

'I’bis is the usual formula employed in designing 
built-up I or box girders and also lattice-work 
girders, 

§ (7) UnS VM M ETMfJA I, BUNDIXO. — WllOU 
tho plane of loading docs not include a prin¬ 
cipal axis of inertia of the cross-section wo 
resolve tho bonding moment into two com¬ 
ponents, each component bonding tho beam 
about a principal axis. In order to estimate 
tho stress at any point wo find tlio stress duo 
to each component 
separately. 

In Fig. 10 lot M 
bo tho liending mo- 
mont, 0.r and 0 y 
tho principal nxes 
of inortia of tho sec¬ 
tion, I, and \ v tho 
momonls of inertia 
about these axes, 
and 0 the contra of 
. gravity of the ciohh- 
Hcution. 

Tho bonding mo¬ 
ments about Oa: and 
0 y will bo M cos 0 and M sin 0 respectively, 

If a, y bo tho eo-ordinatos of a point P, 
tho stress at P will bo given by 

M cos 0 . y M sin 0 . x 

p— j I- j 

-l* i-v 

for tho noutrnl axis jj = 0 , and tho equation 
representing tlio neutral axis is 



This gcnorally will not be porpcndieulnr to 
tho piano of loading. 

§ (8) Shkarino Stress down the Cross- 
section Of A Beam.— In most practical cases 
of beams not only do wo got a bonding 
moment, but wo also liavo a shearing forco at 
tho different cross-sections of the beam. Tho 
resultant strains will not bo of tho simplo 
oharnotor wo have assumed in pure bonding, 
sinco tho shearing forco will cause slides to 
oocui'. In general, plane sections do not 
romain piano if thoro is n shearing force. Tho 
usual method of design is to assumo tho 
formulao j)/y=M/I=E/R Btill hold, in spite of 
tho existence of shear and a varying bending 
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j<milml, divided by tho span. Thin frequently 
■inn to lie eonHidered in designing structures, 
J!mri.inuliii'ly if tho structure is .subjected to a 
11 ye loud. Lack of stillness may increase, by 
v U»nit,iim, this stress ] trod need by the load. 
^ Minin in l>nil<litiga with plastered ceilings, if 
fcliu deduction produced by the changing load 
not very Hiviull compared with the s|)an, 
U>h plaster, lining brittle, will bo cracked anti 
fimilly »lro]i i»(T. Stillness has uIho to bo 
hoi mil lured wlien maebiuery is carried on 
I munm or girdoi'H in order to make sure that a 
formal vibration will not be set up which 
H .Yi ml iron isos with the periodicity of the 
miioiiine. 

To in vestibule the delloction of beams 
iiuMully strain lit, or in which the curvaturo 
in very largo, wo make use of the formula 


which havo to be determined by the end 
conditions. 

We note that when a:=0, y- 0, and when 
x = 1/2, dyfdx= 0. 

This gives B=0, and 

10 


WlU- _w** w l * 

'(I.V 4 + Id’ 


and 


Ely: 


War* \\’l*x 
12 + 10 * 


The maximum slope occurs when »=0, and 
is equal to 

L W. 

10 • El' 

Tho maximum deflection occurs when 
x = lj 2, and is equal to 


.N i nv 


M hi 

i "if 

1 d a nl<h' a 


uric I j| 1 be nl love condition is fulfilled dy/dx 
H’ill cvcrywlmrti he small. Wo may then 


write 


1 dry 

it “d* 4 ’ 


anil we get 


iPy M 
(At: 3 1C I" 


lit this equation, if x is measured along the 
linn trill layer to tho right, and y is measured 


w 



'if Fia. 


i town winds wvy, M is a hogging bending 
mmneiit, 

Tuko the Himple case of a beam of uniform 
imiMsomuifion mijipnrted at Urn ends and loaded 
wit h a eoncontinted load W at tho middle. 

Let tlie origin Im at tlm left-hand end 
( Fitf. Ill) iinri tho axis of a* to tho right. 

The bi'iuliiig; moment at a distance x from 0 


• ( 1 ) 
• (2) 

'Whom A ami B aro oouBtunts, tho value of 


\vx 

~iT 


. Wx 

" (A* 3 "~ 2’ 


hiiogntling we got 


mid 


A.. 

d.c 4 
- y®-4 Aan- 'B. 


i ET 

48' ET 

h’or a load W uniformly distributed along 
the length, tho maximum doflootion is 

A WP 

384 El' 

Wo will take a simple example of a timber 
bridge, which will illustrate how sliffuers 
aflocts tho design. 

Strictly speaking, none of the formulae wc 
have derived will hold for timber, since it is 
not isotropic. It is usual, however, to employ 
tlie formulae, and experiment shows that the 
errors introduced by so doing arc not large. 
Tho dogreo of accuracy in estimating the 
stresses is probably greater than our knowledge 
of tho strength of tho actual piece of timber 
wo may bo omployitig. 

A bridgo bus an effective Bpnn of 20 foot 
and has to carry a concentrated axle load 
of 14 tons. Tho 
road boarers aro 
to bo seasoned 
pilch piuo with a 
oross-scotion 10 
in. by 10 in. As- Fio. 14. 

Burning the load 

ovonly distributed between tho road beavers, 
how many will bo required ? 

Allowablo fibre stress for the timber 1 ton per sq. in. 

Allownblo shearing stress along tho grain tV ton 
per sq. in. 

Allownblo dofleotion iJtjUi of the span. 

Impaot 1 factor §. 

Tho weight of this typo of bridgo will be about 
| ton per foot run. 

From Pig. 14 wo ano that tho maximum bending 
moment 

■=> ^ xS x Mx 20 4- J x J- X 20 8 
=>117-5 foot-tons, 

Tho maximum shearing force will occur when tho 

1 The Impact factor is the factor by which the load 
is multiplied to allow for Its motion. 


H Ions 
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nslo loml h just cm till! bridge. tlusittforo tlie maximum 
shearing foreo 

«=.» ;< :i-H-IOx.J- 
i m m. 

Tim luomi’iiL of re.-natanim of olio road bcaror 
10 X I0 a . 

.= --m.-tona 

foot-tons. 

Fur {laulimj, tlio mini lief of roiul bearers required 
117-fi 
“ 13-0 
-l>. 

Tim shearing forms per roiul bearer 
tt.ir, 
if 

= 2*(5 LoilH. 

Tim maximum ulii’nring stress 
% 2-« 

* = 2 X 1(H) 

-O-OdO ton pnr sq. In. 

Thin is less than the allowable stress of ^ ton por 
aq. ill. 

Tim ilcllenlion 

1 W V fi W'f 3 

”.l» * "jfil ’ 1ST ' 


Wo nmy Iftkii 

K .c. 1 •/> x 10° llw. por aq. in. 

Tim ilolleoUon 

/21 fix fi\ 20 3 x 12 3 x 12 x 22*10 

“ yin:m-t ) x ■ i-fixTo 0 x To* x 0 

«l-4 in. 

The allowable doflootlun«»1*2 in. 

Ill order to attain the ncceanary HUIfnoss tho 
number of roiul bun rein iiiuhI bo lnorcnsod lo 
():< M/1-2, i.c. Jl. 

I t will Im observed Hint in dealing with 
iitin'iioHS wo merely oalcnilnted the dolloolion 
lino to tlm bonding alone. In mUlitlnn to 
thin, oxoopt in llio wise of JHiro landing, thoro 
will nine bo a doll notion produced by the 
Hhoaring hIidhh. This iiddlliimal dolloction 
may ho onluillftUid in eertain Himplo oases 
by oonHidemlion of tlio potential energy of 
deformation wbioh must lie equal to the work 
<1.)JI0 by tho oxtomnl forces in producing tho 
deformation. 

It in extremely rarely tliat this additional 
dolled.ion iH of iinpnrUuuio in practical struc¬ 
tural anil it Is usually nogleoted in considering 
nil If nuns. 

5} (10) Shvkhai. Loads.—I f wo lmvo sovoral 
ann contra tod loads at diiYcront points along 
the beam, or a series of diHoontinnouB dis¬ 
tributed loads, wo shall not bo ablo to determine 
tho (constniiln of integration in tlio simple way 
we have above, hIiioo wo do not know wlioro 
the slopo is store), and tho equations (l) and 
(2) only hold for tho portion of tho beam 
from 0 up to tlio first load. 


In gcmornl, wo got two equations similar 
to ( 1 ) and ( 2 ), each pair with its mvn constants, 
for tlio different spans into which the loads 
divide tho beam. We cun, by using the two 
end conditions, eventually determine all tho 
constants, and tlio curve of tho loaded beam. 
This method is, however, long and wearisome, 
and tlio labour may bo avoided by adopting a 
motlioil duo to W. 11. Macaulay . 1 

To illustrate the method we will take an 
example of a beam loaded as shown below, 


W, IV per unit length 3 ^ 


c 

") Fmoryxvp C 



! ! 

V--->! 1 

' 

1 

1 

1 

1 

i 

1 

1 


_ , ___ 



FlO. 15. 

witli two concentrated loads and a uniformly 
distributed load extending over a iongth (e - b). 

Imngino tlio distributed load extending- to 
the ond of tho beam, and tho part added to 
ho neutralised by a load, acting upwards, of 
tlio sumo amount per unit length. 

Let tho origin bo at A and the axis of a: to tlio right. 
Take a point K beyond the last applied load. 

Tlio sagging bonding moment at K 




This expression will give tlio bending moment for 
any value of x, if the terms inside the brackets bo 
omitted for values of x which make them negative. 
Wo have then 


_ 15 A 


= M. 


Integrating cnnli bracket twice, with respect to 
the term inside, wo lmvo 

+£{* - °} 4 -.'J* {* - ,l \ a ->• a* -': B * 


0 


'Phis equation will hold for all values of x between 
0 and h if tho terms inside tho braokots bo omitted 
wlionovor tlioy become negative, and wo note Hint 
wo lmvo only two constants wbioh can bo found by 
tho end conditions. In this easo y=>0 when a' —0, 
and i /=0 when x—l. 

B~0, 

and 


T -^- a , 3 -^- ft ) 4 + 2^- 6)4 


- -Jp (I ~ ) 3 + Af—0. 


From this equation we can find A. 

■ Messenacr of Mathematics, No. 573, Jan. 1919, 
xlvlll, 
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& Ml) Continuous Hiiams.— A beam is 
l.o hi- continuous when it is carried on 
than two supports. In suo.li a beam 
jV*' t ' nnni,t ’. I'.V the niil of statics, determine 
• road.iims at tlio supports, or the shearing 

I' and bonding moment at different noc- 

of Mio bon in, since those depend upon 
'° 1 ltsxibility of tho girder and the height 

f l "' mipports, and are not merely a function 
<} * the applied loads, 

-l ii order to effect, a- solution, wo may make 
oho of l.he Macaulay method previously rnforrod 
>» (■ixjuting tho reactions as loads. 

-Another method froipienlly employed is to 
lnu lto uho of Clapeyron’s theorem of throo 

irio moiits. 

■I'liiH may he established as follows: 
•S«ipjj(iHo the girder of tho samo cross-section 
tln-cjughout. 

M a M u 


-r)-(r>-Gf 

« — -f —* 


Chin aider span 



origin at 


hi 11 >(joi t (l) ami to tho right anil y downwards, 


M„» 

-Mi 

- Q,* I- 

a - 3 

( 1 ) 

oi <r-„ 

vi v 7 a« 

■M x , 

• 

. 

(2) 

dx 

-M,3 

2 

+SJ*+A.. • 

( 3 ) 

Ely- 

M ,a 
: 2 

: u <i,af 
* (i 

'•l-^ + Aas+B, 

(d) 

R 

-d), 1 

’•* ?/-U) 

wlion a—0. 



0“ 

d) Wild! X~-l n . 


M t l 

>L... 

W . 

• (1 • ' 

"if : A/„ .0. 

(fi) 


A Iho 


J iCt hostile slopo at support (2). 
mill (5) wo have 

_M|f ia ___ Qi^a" w ls l| 9 ° 

. “ 3 8 




From (3) 


(0) 


f~ii tmhirly taking the origin at support (3), 
iiad iunIh of a to the loft, wo got for tho slopo 
itfc Hupport (2) 

•f ’aCa 2 . H, 2a^a 3 
2 — jj -T- 8 -• 


From 
M ia 

""as 


- El tf 

(II) and (7), 

, . !!’ 

’■" T ' h 8 


(7) 


a 1 a a . "Wia a , 

'•> ' o *" y 


QAo 
.3 

IV, 


a'aa. _q_ 

3 


( 8 ) 




Now from (1), 

and for span / 23 , 

M 2 = M 3 -TV 23+ 'i'^- a - 
Froin these and (8) wc have 

au ls m,/,, ju, 3 u- • 

3 0 3 


nr 2a 
O'" 


1-2* 12 
24 


w a ahs a _ r, 
"24 “ u 


F” ^ 

R, R, fin 


R a 
FlU. 17. 


(M t + 2M,)f 1# -t- (M.,+ 2M a )/ a3 -;' I H>, s / 1 , : ' 

— R'ka^a 3 — 

This is for the particular loading taken. As 
'will ho observed, tho 

formula connects the ,w p »«»» *"o<A 

moments at the sup- 
port of any two ad¬ 
jacent spans. 

Ah an example nf its 
use Into tho simplo enso 

of a beam uniformly loaded throughout and supported 
nt the coda and middle, the tops of tho supports 
all living nt tho Name level. 

Hero M,=0, M 3 »0, 

4M^-Airi 3 ™0, 

i.c. _ 

Taking moments about tho middle support wo 
have 

i.c, U|«{idoU 3 

nml R # => 2id — 2 iof ■ J «'f. 

§ (12) Relations hutwkkn Load, Shram, 
Rknj>ino Foment, Sr, ope, and Reflection.— 
Taking tho axis of a along tho beam nml tho 
axis of y in tho direction of tho deflection, lot 
w=tho load per unit length at any distance 
x from tho origin. 

F=tho shearing force at distnneo a; from 
tho origin. 

M=tho bonding moment at diBtnnao x from 
tho origin. 

t = tho slopo at distance x from the origin. 
y — tho dofleotion at distance x from the 
origin. 

Wo Imvo 

(IF 


H 1 


mix or to — 


H 


M=/F dx or 


cix' 
dx 


and 


W ~7E?’ 

dx' 

d*y (li _ M 
’ * dx a ~ dx El 
d'y d*. M /EI 
dx 1 dx a 
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If Hr. iN cimH-tun!■, wo get 

d'y 1 ,l 2 U 
dr} ; liil ’ f/j; a 


or 



— to. 


If 101 is constant, wo have the following: 
'!*’ = j" wdx. 


1= j Fdx, 

’jVihJ Mtta ' 

V~ j Ufa. 


Snppuao wo urn given tho distribution of 
load on a beam wo may derive any of tho 
quantities 10, M, i, and y by integrating, tho 
oimBtnnts of integration being lixed by tho 
oml ooiulitioiiH of the beam. 

Even in oases where w cannot bo oxproHHCtl 
mntlioinalionlly tw u known fimolion of x wo 
may hUII o I stain results auifioionlly iiconvato 
fnrpraolhml purposes by grti[)liieul integration. 

If I varies along tho beam, in the graphical 
troivlmout, wo may still proceed thus. 

Having obtained tho bonding moment curve 
for the beam wo divide each of tho ordinates 
by tile video of I corresponding, nml then 
plot a oiirvo M/I and x. By graphically 
integrating this mirvo wo obtain Ei and 
integrating again y. 

I'Yoqoimtly we am not interested in tlio 
slopo, and in sueli eases, to obtain the dolloo- 
tlcin diagram, wo may perform the double 
integration by treating the bonding moment 
diagram as n load ourvo, and by drawing the 
funiimbu' polygon for Lb is load ourvo. The 
depth of tho funicular polygon will then give 
tho ilollootimi. 

|j (III) VVIIIUI.INII OK SjIAt-l'N.—A h nn ox- 
uinplo of the use of the above equation wo 
will eniiHidor tho elfeet of centrifugal foreo 
on a rotating tdruulnr shaft. Due to tho 
weight, vibration, or other eniisoB, tho centre 
of gravity of tho omsH-neoliou of tho shaft 
will not mureHsarily lie on tho axis of 
rotation. 

Hot the distance between tho centre of 
gravity and tho axis of tho -bearings bo y. 
Let p bo tlio inasH of tho shaft per unit length. 
Tho centrifugal foreo per unit length will lio 
where w is tho angular volooity of 

the shaft. 

Wo shall have then 


d'y _ pu a 
(lx* J'llff 


■ V> 


whore M is tlio modulus of elasticity anil I 

•.-j. 


is tho moment of inertia of a cross-section of 
the shaft about a diameter. 


Let 


fW“ 

w 


- a' 1 . 


Tho solution of the equation is 
y = A cosh an; +13 sinh aaH- C cos aa;+ D sin «av 


Lot l — tlio length of the shaft between tho 
bearings, and lot us take tho case whore tlio 
bearings simply support tlio shaft and do not 
prevent it bonding. 

Now the slope of the shaft is given by dyjdx, 
anil the bending moment by El (d-y/dx 2 ). 

Wo dotennino tho constants as follows: 


When 

x — 0, y~0, 


.-. A+ C=0. 

When 

o 

'L 

i-§ 

O 

II 

H 


Aa a —Ca 2 = 0 

i.e. 

A = 0 and CJ=0. 


From tlio further conditions that when X = l, 
y~0, and also d i y/dx i =0 , wo get 

B sink aZ-(-]) sin aZ=:0 
and B sinh al~'D sin al =0, 

B sinh <d = 0 

or B=0. 

Also IJBinai = 0, 

D=0, or sin ul~ 0. 

. If 1) = 0, tlioro is no deflection of tho abaft 
anywhere. 

Taking sin «Z=0, 

we get al=rtr, 

where r=0, I, 2, 3, etc. 

Taking r — 1, we seo that tlio shaft will 
whirl in a single loop, tho maximum deflection 
being at the middle. 

Tho speed for this is given by 



or 



radians por second. 


If r = 2, tho shaft will whirl in two loops 
with a notlo at tho middle, and wo can calculate, 
tho coiTespomling speed. 

In the samo way wo oan find the whirling 
speeds for r =3, 4, oto. 

It should bo notod that for each of tlio 
whirling speeds the maximum deflection is 
not fixed. Any maximum deflection which 
may occur accidentally or be impressed upon 
tho Bhnft will be maintained, provided it does 
not ooour at a node, but it should nlso bo 
romombored that by assuming tho curvature 
to bo given by dhjjdx-, wo are really only 
considering tho eases where ( dy/dx ) fl may bo 
neglected, This covors all practical cases. 
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Fin. in. 


IV 

S < 1 -1) iMiwnii'JKS in Tension.—-T lio design 
toimioti members is quite simple anil direct, 
itml w«» need only consider two canes: (l) in 
whiti11 (ho resultant of the applied loads at 
un tmdn passes Uirough the centre of gravity of 
‘ I'oss-Hection of the mein her and is parallel 
j'° axis, and (2) in which the resultant load 

is J»i will Id to the axis hut does not pass through 
tlu> nontro of gravity of the cross-section. 

I ii -Ivlio first ease llie intensity of stress iuducud 
will l>o uniform over tin; cross-see.lion. If f is 
tlici t i l lowalile tensile stress in tons por sq, in. and 
I* tlio applied load in tons, then the area of 
eraHH- Hoethm reipiired will lie eipial to I’// sq. in. 

In the seeond ease we trout the applied 
forces ns equivalent to a single axial force 
passing through tlio 
centre of gravity of 
the cross-section and 
two couples lending to 
rotate the omss-sco- 
tion about the two 
principal axes of 
inertia. 

An /''if/. (18) let 0 ho 
the centre of gravity 
of the cross - section, 
mill lob the axes (he and Of/ lie.the principal 
uxuM til'tlic section. 

•Suppose the line of action of the applied 
load I’ is parallel to the axis of the member, 
mill Inl.crseeU tlio erosH-Hoolion at a point 
ivlioHii co-ordinates are (a, l >). Wo shall lake 
Ihn tvi [iiivalont system us consisting of 
(1) a force parallel and equal to 1* noting at 
the <mnLro of gravity O. This will pmduoo a 
uniform tensile stress P/A, A-1 ming tlio area 
of tii’oHH-se.clion, 

(ti) A bending moment about (hr equal to 
Ii it id a bending moment ahmit Of/equal to I’m. 

'l.'ii ibid the resultant stress at any point 0, 
eo*i >i'«liiuitcM (ir, f/), we superpiiso the stresses 
pm< limed by (1) and (2). 

Wfj get for the resultant tensile stress (p) atC 
I* Vbi/ I.V«c 

yj. |. I' j > 

A * no? 

wlioro I,,* and are the moments of inertia of 
the t) t'tiHH-scetiou about (he and Of/ respectively. 
Wo i uny write these as A/-» a anil A/,'„ a , where 
/,' r ii.i nl k v are the nulii of gyration about tho 
axtfH < hr and Oy. 

Wo get then 

1)1/ , «*\ 


V 


“x( ,+ ; 


/•/' kyV' 

{-?»»|>pose (u, v) are tho oo-nrdinatos of tho 
poll lit on the hmmdary which gives tlio maxi¬ 
mum video of p. This vahio of p must not 
(ixcif io< I /• If the memlior is porfootly designed, 
bv . au\ 




It is seen immediately that the new 1 rai axis 
of tho section is given by p-Q, and lias tho 


equation 


l+?!IL + «* =0 . 


If the neutral axis cuts the cross-section, 
it follows that there will he compression over 
part of the area. 

In the abovo investigation we have omitted 
the effect of the deflection of the member 
duo to the bending moments, In most cases 
Ibis will be small and net seriously affect tlio 
distribution of stress. In the ease of tension 
tlio deflection will be such as to displace tho 
centre of gravity of the crons-scotion nearer 
to the line of action, 
thereby making the stress 
more uniformly distri¬ 
buted. This will not bo 
the case when the membor 
is a strut. 

It should bo carefully noted 
that this formula in only 
strictly applicable to cases 
where tlio axis of tlio 
member is straight. It will 
bold approximately if tlio 
radius of curvature is largo 
compared with file dimensions 
of the orojm-RCotlon. In tho 
case of a crane book, for 
oxample, as shown in Fiy. 

10, tlio section All' may bo considered ns sub¬ 
jected to iv pull I* applied through tlio centre of 
gravity of tlio section, and a bending moment of 
magnitude V«. 

8 lnco tho radius of onrvuluro may oven be less 
than tlm depth of tlio section, the ordinary formula 
for bonding will not hold. 



Fig. to. 


§ (1C) Members in Compression.— The 
estimation of tlio truo strength of members 
which are subjected to a compressive forco 
in'tho direction of their, length is, in all but tiio 
simplest oases, a matter of difficulty, and tho 
results when arrived at can hardly bo relied on 
to tho same extent as those of tlio strength of 
ties, beams, and shafts. Tho chief reason for 
this will bo understood if we refer back to 
tho easo of a tension member subjected to a 
load, tho lino of action of which dicl not pass 
through tho centre of gravity of tlm cross- 
sootion. In snob a case wo noted that due to 
tho occontrioity tlm mom her would ho subjected 
to a bonding moment, and farther that this 
bonding moment would cause a deflection 
lending to reduce tho eccentricity and thereby 
making tlm stress moro uniformly distributed. 
In tlm easo of a mombor subjected to compres¬ 
sion tho reverse action occurs, and tlm bonding 
moment tends to increase tlm eccentricity 
and thereby to inoreaso tho maximum stress 
induced. Jn aoltial practice it is impossible 
to obtain a perfectly straight strut or to 
obtain absolute axial loading, and evon if this 
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worn llio oust) ivt first, when the lontl was 
beginning to ho applied, it would noon cease 
to ho so, duo to tlm fact tliat no niutoniil is 
poi'feotly homogeneous. The Young’s modulus 
fur compression at one part of tho erosa-Bootimi 
will vary slightly from that at another part, 
with tlm result that the strums will not bo 
uniform, and some bonding thoreforo is almost 
certain to occur. If tlm inoinhor is short in 
length relatively to its cross-dime unions tho 
rosistanco to Sam ding will bo ore at, ami tho 
actual deflection produced by accidental 
ouoimtrioity of loading or lack of homogeneity 
will have no approoifthlo offoefc. In such 
eases wo may design tho member in tho sumo 
way us ft tension inoinhor, by assuming tlmt 
Uio stress is uniformly distributed. Also the 
crushing load of tlm inoinhor will bo equal to 
A/, whore A is equal to tho ait)a of eroBH-aootion 
and / IIto (MinipiOHsivo stress required to oauso 
crushing of tho material. 

If wo (aim llio opposito extreme, namely. 
Unit of a strut which is very long compared 
with its croHS-dimonsiims, we got an entirely 
tlill'omit phenomenon at failure. As tho 
axially applied load is gradually inorcaswl, 
at first the inoinhor undergoes a shortening 
proportional to tlm load, and oven if tho strut 
is bowed out slightly it will return to its 
original straight condition if tho load lie 
removed, As wo increase tho load beyond ft 
perfectly definite valuo, however, wo find tho 
inoinhor suddenly huuldes out sideways and 
enmplotoly collapses if tho load 
is continued. In other words, a 
condition of iiiBtabi'ity ooeurs, 
anil tliis wliilo tho actual com¬ 
pressive slims in tbo nmlorial is 
well Mow tho w impressive) stress 
required to crush tlm material. 
'1:110 inntorini is oithnr finally 
crushed or tern, but tliis is duo 
to llio stresses Hot ii]> by tho 
bonding. This phenomenon was 
first theoretically investigated by 
Eu lor. 

Consider a prismatic strut, 
perfectly binged at tho onds, ami 
n loud L } applied axially. 

If (Jm strut is bowed slightly, then at any 
point (.«, y) there will lie a bonding moment 
of iimgnitmln Vy ; 

d*y Vy 
i/ai® ~ JCi* 

whero E is llio linear modulus of olaslioity 
mu! I is tlm moment of inertia for bonding. 

Write 



„.v.- 


then 


2 ' 


where A and II are constants depending upon 
tlie end condilions. 

We have y= 0, when rc = 0, and there¬ 
fore A = 0. Also y = 0, when x = l, therefore 
BsinaZ=0. This makes B=0, or u/ = nr, 
whero r=0, 1, 2, etc. If B=0, tlie doflection 
everywhere is zero. 

Taking r— 1, we get 


P = " 


a EI 

7* ‘ 


Tlio solution of tliis is 

y A oos nm l- B sin «#» 


Wo note that P is independent of the 
amount of bowing. 

Tho load ir 2 EI/Z a is tho load which will 
just keep tlie strut bowed and produce a 
stato of noutral equilibrium. For a smaller 
load the strut would bo in stable equilibrium, 
and for a greater load the deflection would 
increase without limit. 

If wo nsHumo that tho strut docs not bend, 
lmt merely contracts under the load, it can be 
shown by considering tho strain energy, that, 
for a load greater than 7r 2 EI/P tho equilibrium 
is unstable. (See Love’s Elasticity , Stability 
of Elastic Systems.) 1 

Tho load jr a ]3I/f 3 is called tho buckling load 
of the strut. 

For values of r equal to 2, 15, etc,, wo got 
the loads required to maintain tho strut 
when it is bont into sogrnonls of length i/2, 
i/3, etc. 

Writing I equal to A& a , whero A is tho area 
of cross-Beetion 
anil I; iB the 
rndiiiH of gyra¬ 
tion, wo get 

ttW 

? ,:= -. w * 

where p is tlio 
loud per unit 
area. 

Tho ratio i/fc 
is called tho 
slender ness 
ratio. Wo will 
denote it by ft 

For tho different oml conditions roprosonted 
in Fig. (21) wo got tho following buckling loads: 



Fia. 21. 


- . P tt c E 

(•'iv 


P 47t 2 E 


a E 


A" '¥ ’ (C> A 4u a ’ 

P 27r a E 

and (ri) approximately. 

If caro is taken to ensure axial loading, 
and also that tho end conditions are as assumed 
in tho theory, experiment shows tlmt these 
results are very closely true in tho case of 
struts of homogeneous and isotrepio material 

1 A Treatise on the Mathematical Theory of Elast icity, 
1>y A. E. 1). Love, E.tt.S. 
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nilK:o in tho olriili fonnuln with axial loading 
tli« grotitcHk niroHa in nasumed to oomir at 
tlm middle, whorcim in many oases it will 
occur at llio fixed end. 

Allowing (or tin: drill’ft ion duo la homling, it may 
bn nknu’il llmt t he eixl load I’ required to stress tho 
uinli riiil )j|i In IJjn yield stress nl> Homo point in tlio 
Htrill, in \'<m i liy 

I'- . $ .- T ::r:v,-v,,_, 

I -\-{<•!/(]&) SCO {(i/2) . \fVfliAlt*\ 

where n is llio oocentrloily ussumud in llio lino 
tif llio principal axis about wliic.U llio radius of 
gyration ]h a maximum, k in llio IviiBb ratlins of 
gyration, anil y e tlio distance from llio centre of 
('rarity In tlm edge of tho Beotian measured in tlio 
direction of «. 

S(1H) llim.v-ui' S’l'RifTH.—Whoti struts aro 
Iniill li j i of Hopiiiiito mom horn ootmcolod 
together liy 1 lolls or rivets, tlm Htronglh will 
depend vary largely upon whether tlio various 
mom lmrn am ho connected that tlioy behave 
lilto a Hin^lo piece, i.ti. thorn will bo no yield 
at tbo joints, or whether there may bo an 
nppreeiiUile yield at tho joints, in Htool 
nlniIs tlm joints nvo uaimlly rivoted, ami nvo 
himiIj Mint wo may nogloot tho Hlip at tlio 
joint. Tlm ordinary formula may bo employed, 
the rmlinH of gyration of tbo whole see lion 
being used. . In built-up timber struts, of 
Hindi soft timber ns is usually employed in 
<Kim»truoUun, whero tho ounneubioim of tlio 
various moinbrns are usually made with bolts, 
Uiero in eoiisiiloniblo yield and slip at tlio 
joints, duo to Die relatively small eompressivo 
Htmngth of tho timber ami tho bending of the 
bolls. Experiment slum's that snob stmts 
lie not start to fail as a whole, but failure 
iwinu-H i» the individual mum hors. TJu> 
Hfmrigth "f iamb struts is merely tho mini of 
siren/'tJm nf Mm individual members in Dio 
oroHH-Hootioii. 

In ri veil'd joints in steel sir natures Dio 
mem bars am really held together liy friction, 
the utHX'xtiary pressure between tho members 
being produced by llio tension in tho rivets. 
In Limiter, although u bolted joint may lom- 
pemrily lie made to bold by frietion liy using 
largo wviHhem and tightening the mils hi give 
tlio required prmmro, yet this cannot bo 
relied mi pormfiuoiifcly- Tlio expansion and 
eitnlraolioii due to olinmlio changes is relatively 
Inigo, mid though a eons idem bio tension may 
uxlntin the lmll« one day, on another day thoro 
may bo mi iippriwilK.ldo tension ufc all. 

if a mnnpcmite strut, nxially loaded, is free to 
fuioldo in any diroetion, tlio strength is dotor* 
mined by tho least radius of gyration, and for 
eiioimmy in material tbo radii of gyration 
about llio two principal axes should ho as 
nearly equal ait possible. 

As will have been realised already, tho 
design of struts oiumnC bo dirout as is tho caso 


in tlm design of ties, wlioro the required area 
can ho estimated. In dealing with struts the 
best we can do is to design the member, and 
then estimate tlio strength. If tho latter is 
less or considerably mom than required we 
have to alter our design, in tbo one. case 
increasing the strength by additional material, 
and in the other reducing it so as to effect 
economy of material. The labour entailed 
in this process is considerably reduced by the 
standardisation of rolled steel sections, the 
geometrical properties of which, such as area, 
position of the principal axes, and the radii 
of gyration about these, have been calculated 
and tabulated. 

Numerous experiments have also been made 
on struts consisting of standard rolled sections, 
and also struts built up of standard rolled 
section. Tho data of thcao experiments are to 
a very largo extent used in selecting a suitable 
design for a strut, and also for estimating the 
strength of stmts and column of different 
designs from those to which tho experiments 

apply- 

v 

§ (HI) Joints,— The strength of a composite 
sfcruoturo, consisting of a number of members 
joined together, will clopond as much upon 
tho strength of tho joints ns upon tho strength 
of tlio members themselves. Generally speaIc¬ 
ing, the stresses in the members can bo moro 
accurately determined than the stresses at tiro 
joints, and for this reason it is good practice 
to employ a somewhat greater factor of wifely 
in designing the joints thorn selves than in tlio 
design of Dm members. 

Three types of joints arc commonly em¬ 
ployed in which tho members are connected 
by (1) rivots, (2) pins, (3) bolts. In ordinary 
structural worli, ns distinguished from machin¬ 
ery, tho joints are almost entirely made by 
rivots, boils being used only for temporary 
work, and pins in oases whore n binged joint 
is required. 

To l.io satisfactory, a riveted joint should 
really bo a frietion joint, tho mombors joined 
being pressed togothor by tlio tension in the 
rivots. This tonsum is produced by closing tlio 
rivots while at a red boat, tho subsequent cool¬ 
ing causing a tonsion in tho rivet, sinco tho 
contraction is largely prevented by tho members 
joined. If a riveted joint such as is shown 
holow is tested by gradually increasing the 
pull, the joint will he found to ho elastic at 
first, tho actual oxtonsion being small and 
fuel-casing uniformly with tho load. At a 
certain load slip will occur, indicating that the 
frictional force has been overcome, and tho 
actual amount of slip will depend upon lmw 
accurately tho rivets filled tho holes, After 
this initial slip tlio extension will vary some¬ 
what irregularly until all the rivots are bearing 
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• rhinal; Min plates, and have all reached their 
l " * |>*»ii»!■. or until Urn stress in the plates 
, m voiioIkmI tho yield point. It will readily 
I l j‘' n,,K ‘ !<l **»o joint i H not satisfactory if 

nntlnd Imymnl Llio load required to overcome 
Uu ' r *'i tit.ir>n, sit lee (hero would bo backlash for 
“'voi fml of stress ; also the joint would leak, 

r-ft—'R'—-o-, 

n:.u- 

O—O— 

rm. as. 


(8) The portion of the plate bned may shear 
out, 

P=P 2 x 2 tz. 

(4) The plate may tear across gu and eh, 

I’ ~ Pa x iU-d)t- 

(i>) The plate may split along ft, The load 
cannot he calculated. 

{(>) Rivet may fail by bending. The load 
in this case cannot he calculated. 

The diameter of the rivets is estimated by 
consideration of (1) and (2). In the case of 
tho joint shown, for equality of strength we get 


Int- oxuinplo if lined in a boiler; or, further, in 

liiimy structural work moisture would t’im! 
Ilu way in, with tlm result that rust would 

Itinn. 

(Jwiiijir to the dillioulty of estimating the 
feiul ioiistl force in u joint duo to possible 
dH'cut.ivo workmanship, etc., it is usual to 
di'ni/.ru tho joint simply on thn assumption 
Mint thorn is no friction, and that the rivots 
trim hi n it the stress from one mom her to tho 
iitliuf by their shearing Htinss. This would 
uplHuir to be u wholly ill<igienl procoduro, but 
it linn t.lii.H to bo said in its favour, viz. that 
it profjsimi a joint which, oven if slip does 
iiuitnr, will still hold, and comploto failure will 
lift enmui. 

I*'von wlion limting the riveted joint merely 
iih it pin joint, as is usually done, the design 
<ln|inii<hi more iipon empirical rules, based on 
pun* u.Y|><irien<!o, Ilian upon theory, although 
l'bor« ure a few theoretical considerations which 
nrii UHtifiil ns h guide. 

Ji (UO) Wavs in which a Siiimt.h Rivktrij 

.l«' int may i aii.. .bet I* he tho load anrried 

by mm rivet. 

l,ol. p | mid y* 4 he the ultimate shearing stress 
of l-lio rivots and plates respoefively, p a ho tho 
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ultima to tensile stress of tho plates, jj., be tho 
ull iiimic uiunpressive stress of tho rivots and 
phito.-i, d lie the diameter of tho rivets, l ho tho 
thtckiioHH of the plates joined, 
f I) Tbo r I vets limy Bhoitr, 


(2) The pinto or rivet may ho onishod at 

miiTitc» «/«, 

1’ x ill. 


Pi*# 
" *> 





Tho sizes commonly adopted are : 


rnies 

(thickness). 

Hints 

lilinmeter). 


y ‘o r 
r <« r 

r 

y to r 

r to r 
r 

bight structuml work 
bight bridge work 
Heavy bridge work 


Usually a single size is selected nnd used 
throughout, nnd tho snfc load per rivot is 
estimated by the shear or compression. 

When there are more than two rows of 
rivets on either side of tho joint, the distribu¬ 
tion of lead between the rivets 1ms to bo 
considered. 

Take for examplo tho joint shown below. 







f j j as j j 6, ; j | 


» j ! 

: ; \ 










Fig. 24, 


If wo assume that tho rivots aro rigid in 
comparison with the plates, then the stretch 
botwenn tho rivets must ho tlio samo for the 
momliors joined and for the cover plates. Let 
P [( P s , P 3 bo tho load carried by tlio rivots. 
For a L and a 2 we have 

r-p^p,. . . . (l) 

For hi and b. } wo liavo 

P^P.-P-P^P* . . (2) 

Also P 1 +P a +P 3 = P. . . . (3) 

These give P 2 = 0 

nnd P 1= P 3 =b/2. 

If wo talco the opposite extreme case and 
assume that the plates are rigid in comparison 
with tlio rivets, wo see that wo shall get equal 
distortion of the three rivets, i.e. each rivot 
will carry one - third tho load. Tho true 
condition of tilings must bo somewhere be¬ 
tween these oxtromes and wo shall get tho 
middle rivot carrying less than one-third the 

3 o 


vor.. i 
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load. For tins joint, «««»»«« tho mata 
rigid, tho loads on them might bo cqnnliaod 
by varying tho breadth of tho cover plates 
and tho joined members, as shown below. 


1-’I0. 25. 

Tho above does not apply after tho yield 
point of the rivets or plates has boon reached. 
It is clear that if ultimately the joint fails by 
the shearing of the rivets the load will ho evenly 

distributed, , ....... .. 

Another factor which affects tho distribution 
of load between tho rivets is tho arrangement 
of rivets with reforcnco to tho resultant hno 

of action of tho pull. . . , 

In the figure two T mombors are joined by 
two cover plates, ono on each side of the 


null I> acting through G and parallel to tho 
lino of action of tho pull on tho plate, and 
also to a couple IV*, where « = GM. 

The stress in each rivet due to pull J. at t> 
is equal to P/w. The displacement due to this 
in direction jiorjiondienlav to GM will he k (P/ H )< 
where k is Homo constant. 

Hot p lie tho load on any one rivet situated 
at a distaneo x from G duo to the couple. 
Then for tho couple wo have 

ZfxesPa. • • . (1) 

Tho displacement of each rivet will bo pro¬ 
portional to its distance from G. 

Ip — Ox, where 0 is tho angle of rotation of 
tho plate relatively to tho mom her. 

Therefore, from (1), 



——l 

L± 

-0--O -0-JO--0--Q- 



i.c. 


0 _ Pa 

l .SF 


(2) 


Via. 20 . 

vortical part of tho T. Tho resultant pull will 
pass through the contra of gravity of tho oioss- 
sootion of the T, and it is obvious that tho 
rivets will havo to resist not only a pull I but 
also ft couple of magnitude P«. In order to 
secure uniform loading of the rivets tho centre 
of gravity of the rivot holes should bo on tho 
resultant lino of tho notion of the pull. 

8 (21) ECCENTRICALLY LOADED KIVKTUO 
Joint.— In many cases it is impossible to 
attain tho condition that the resultant mill 
(lassos through the 
centre of gravity of the 
rivet holes, and in Hiiuh 
eases it is important 
to estimate tho load 
carried by the most 
mivorely stressed rivet. 
Consider tho joint shown 
bolow in which tho plate 
i ih supposed riveted to a 

^ large rigid mombor. 

Lot P Im tho resultant pull on tho plato. 
Wo Bimil assume that tho deformation of tho 
plate is nogliglbly small compared with tho 
yield of tho rivets. This will generally bo tho 
ease, sinco in joints of this typo tho stresses 
in the plato will usually ho small. Wo shall 
furlhor assume that tho resistance of any 
rivot is proportional to tho displacement of 
tho portion of tho plate around tho rivot 
relative to tho member. 

r ««• there bo n rivets and lot G bo tho oontro 

•.'h'ftw GM por- 

f ]?. 

ibjeclcd to ft 


Any rivot A, nay, will lmvo a displacement 
IdVIn) in a direction perpendicular to GM and 
a displacement 0 . AG perpendicular to AG. 

Produce MG to C, then tho displacement 
ofC 

= fcf— OxC'Al 
n 

Malco CG = fcP/»0. then 0 will have no dis¬ 
placement, U. it will ho tho instantaneous 
oontro of rotation of tho plate. 

From (2), 

va~ x \ 

na 

Tho resultant displacement of A will be 
equal to 0. AG. 

Tho load on rivot A will lie (0. AG)/« 

IV* 


o a 9 ,t o\ 

0 

ij, 

\M 

pi 

\ ° 

c*'0 


o 0 0 

A° 


“5? 


X AC 




Tho most sovorely strossed rivot will ob¬ 
viously bo tho rivot most 
distant from G. 

Ah an example take tho 
joint shown below, Fiy. 28. -(• 

From symmetry wo seo 1 
that Urn centre of gravity 
of tho rivets is at rivet G. 

2»a-4x:i a -l‘i(3 a -l-3 s ) | 

= 108, 

J®1 -MS In. *‘ 10 . 28 . 

tin 0x8 




ca- 


The most severely stressed rivets will bo A and 35- 

Load carried by rivot A 

Pa ... 
x At! 


Px 8 
" 108 
-0-808P. 


X 
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VI 

§ (22) Fuamios.-—I n designing framed struc¬ 
tures such hh roof trusses, lattice girdora, etc. 
which tiro to ho loadod at Urn joints, a deter¬ 
mination. «>f Min total stress in each memlior 
hnn first to In) made. Tim motliod of doing 
thin depends upon whether tho Hlruoturc has 
jimfc sufficient nmmlmra to prevent it collapsing 
*>!■' has morn than sulficiont. In tho former 
ciiH« tho principles of pure statics on able us to 
estinmlo tho total stress in ouch member, 
whereas in tlm latter case wo havo to employ 
tho principles of tlio Tlie.ory of Klnstioity. 

In a frame in which all tho mein hers lio 
in one piano wo have a triangle ns tho simplest 
form of a perfect frame, i.r.. a frame which 
Iihh just HnHioiont members to prevent a ohango 
ill Hhape when loads are applied at tho joints, 
exempt tlio slight deformation caused by tho 
small ehnngo in length of oaoh mcmlier duo to 
the stress in it. 

Wo note that the triangular framo Ims 3 
joints an<3 II mom horn. If wo add another 
joint to tho frame wo shall havo to add two 
morn mom hors, and this will ho tho ease for 
ovory joint added in building up a complex 
porfoot frame. It follows that in a perfect 
frame of j joints tho number of members will 
ho I! for the original triangle, and '2(j -3) for 
the* added portion. This provides u» with a 
useful test of a perfect frame. In the perfect 
frame in which all the memliers are in one 
piano, if j is the number of joints, tho number 
of inoniiiMH must be 3 \ '2(j -3), i.c. 2j -3 
mom hors. If the number of members is 
greater than (2 } - 3), tho oxeoss are rodundftnt 
mom hers. 

If'or frames in which the members do not lio 
in one plane the simplest perfect frame is tho 
tetrahedron, and in this case in any perfect 
frame tho number of members must equal 
»./ -• «• 

There are two methods commonly employed 
in ostimating the total stresses of ft perfect 
framo: (1) Iteeiprocul ligui'OR; (2) Method of 
sootioiiH. Wo will briefly ilhmtmto Uicho by 
a simple example of a roof truss. 

Tho truss with its loads is shown in Fig. 29. 
Ill mioli cases it is usual toussuinetliat tho joints 
aro all friotiuhlnss pin joints, although in roalitj' 
they aro hy no means so. Most of tho joints 
will bo rival oil joints. It will ho found, how¬ 
ever, that tho error introduced by this assump¬ 
tion in cul l mating tho total stresses is usually 
small. As will ho seen, Row’s systom of nota¬ 
tion 1ms boon adopted. This consists in in- 
cHcsating the spaces holwoon tlio forces and tho 
mombom by a single letter. In Fig. 29 tho 
lino /'ffVftVdV/' ropresonts the foreo polygon 
for the external forces Jg, </«, <tb, oto. 

To find the total stress in caoh member wo 
thaw a foreo polygon for oaoh of the joints, 


going round the joint in the same direction, 
vi z - clockwise, as in dealing with tlio external 
torccs. Starting at the joint fynk we havo 
the polygon J'g'u'h'J’, and similarly for tho 
other joints. The length of a'Jt\ for example, 
gives the total stress in member ah. Tho 
results are tabulated in the figure. This is the 
reciprocal figure method. 

An alternative way of graphically finding 
the total stresses is to use the method of 
sections. Suppose we wish to find the total 
stress in the mem her bk. Call it a tlirust T. 
Tnko a section AB and consider the equi¬ 
librium of the part of the truss to the left of 
the section. By taking moments about tlio 

iscwt 



joint U tho only unknown force will be T, and 
wo have 

'" T x UV-h 18 x UW + (9-30) x UX =0. 

Substituting the distances measured from 
tho diagram, 

0 73T +18 x 0-34 - 27 x 1 -50 = 0, 
T=50-4 owt. 

§ (23) Effect of Stiff Joints. —-As illus¬ 
trating tho effect of estimating tho total stress 
in the members of a framo by assuming tho 
joints hinged, wo will take tho following simplo 
example. 

Tlio roof truss shown below has a single 
concentrated load applied at tho top. Tlio 
sloping mombors aro each of standard T section, 
2 in. by 2 in. by £ in., and havo an area of cross- 
section 0-947 sq. in. and a radius of gyration 
about tho axis of bonding 0-507 in. The tie 
is a round rod of diameter 1 in. and length 
10 ft. Wo will find the error in estimating the 


Men iter 

Total 

Stress 

(evt) 

(ill 

(In 

-so 

Oh 

cm 

-SO-1 

hl< 

-10 

hi 

fn\ 

*17-4 

v 

»/ 

*52 


+34-t 
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Hlross in lilio tin rod duo to assuming tho 
mioidIhm'.h rigid and tho lop joint hinged. 

W 



For Iho equilibrium. (if tlw pin at it wo luivo 
VV 

1’ win 30° = --, 

M 

V ('.ON 3lP=T, 

w 

t* ' 0 <nit:io°. 


Tile error in this simple ease is extremely Binnlt, 
but the secondary stress induced duo to stiff joints 
and tlio bending of tho members may in many bridgo 
trusses amount to as much as 20 per cent of tho 
primary stress, and in certain cases to consider¬ 
ably higher values. In very largo structures these 
secondary stresses are calculated and allowed for, 
but for small structures they arc not directly esti¬ 
mated, but aro provided for by keeping the working 
stress a small fraction of tho breaking stress. 

§ (24) DiCKr.EOTiON ok Framed Trusses. 
(i.) The Deflection Diagram. —In the case of 
framework in general, built-up lattice girders, 
and roof trusses, the deflection and deforma¬ 
tion is most conveniently found graphically 
by drawing wlmt is called a deflection diagram. 
Wo will illustrate tho method by taking tho 
simple framo shown in Fig. 31 and loaded 
with a load at a. Tho mombor tic, may bo 
considovod rigid, and tho joints pin joints. 

Assuming tho members rigid and tho joints 
froo, estimate tho total stresses in each of tho 


( 2 ) Ahkuiuo that tho joint at A in rigid. 

Of. |''and ()' lie the furors, along and pcrpciidioulur 
to I1A at 11. and let T' Ixi lint pull in HU. 

For llio pin at » wo have 

1*'<=« -J sin 30° -|-T cos 30° 

* 

T X /3'I 




-I- .r 


lUlll 


w 


qr-~ cos 30° -T »in :io° 


2 

For Uio (lollmition of a Ixmm uiiuli i»r AH, fixed at 
nun ond anil loaded at Uio other, wo have 

- Q'T 

. 8 -skr 

(T--T')X 10 s X 172H 
“ll x 3 x s y. r l xO 1)47 X 0M)7 a x k 

HI 1 x H) r> . 

For thu iilimtonlng of HA duo to t ho compression 
p', ui;gli!i)|lug tho shortening due to licnding, wo liavo 
P'xl20 

a 04)47 x s /3xK 

(T/2 v/n I s /S'l’V2) 

...H 

'.I,'lio oxto union of the rod ltd 
T'xlHxlSO 
Tri'i 

<10° — a boh 30°}, 

OlOT'ea I 04 x ]0 B (T - T') 


'x73. 


’ k5»*+ e )jr 


(HOT'-1-HI x I0*(T-T') l-3fi-riT -|-100-fiT'*=0, 
< i t\i x hi" - :m*i»)(T - t')-7bot', 

T-T 

or T'" 

Tho error is about 0 hi 1000. 


>.H 17 >; 10 "“. 



momhors. If P is tho total stress in a mombor, 
A its area of oross-section, and l its length, 
thou tho total stretch will bo equal to Pi/AE, 
and will ho positive or nogutivo according to 
whothor P is a tonsion or a compression. 

Now tho relative motion of ono end of a 
mombor to tho ofclior may ho considered ns 
consisting of two components, one along tho 
mombor and tho othor porpondioutar to tho 
mombor. Tho componont along tho moinhcr 
may bo found as shown abovo. Wo now draw 
tho doflootion diagram ns follows : 

From somo point o draw ob v to ropresont 
tho movomont of b towards tho fixed point c 
along be. Draw b x m porpondicular to ob x . 
Then tho displacement of b is given by ob J , 
whoro b' lies on b x m. 

Similarly find tho displacomont of b by 
considering it as a point in tho mombor db, 
Draw r)6 3 paratlol to db to ropresont tho movo¬ 
mont of b away from tho fixed point d along 
db. Draw b%n porpondicular to btl. Then b 
is given by tho intersection of b x m and h„n. 

Similarly wo find tho displacomont. of (■ 
relative to b by drawing b'a x parallol to bi 
and to represent tho shortening of tho member 
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ha. Draw a , k perpendicular to nb. Lastly, 
draw oa 2 parallel to da to represent the length- 
oiling of da. Draw a.,I porpondicukir to da. 
The point of inlcreootimi of <tyh and a.J gives a'. 

The total displacement of a is given by nu\ 
and the vertical and horizontal components by 
or and ra'. 

In Fig. DI wo will assume that the areas of 
cross-sections of the mem hors are so selected 
that all members in tension are stressed to 
Cl tons per sip in. and all members in com¬ 
pression to 4 tons per sq. in. Take T5-: 12,000 
tons per sq. in., then wo get the following : 


Momln-r, 

HtlTSH 

(tuna par mi. 111 .}. 

IiMik-Ul 

(foal). 

UstciiHlnn 

11 IH-lH'-S). 

(1) 

(1 

20 

n /5 

0-0003 

(2) 

-4 

10 

V3 

- 0-0231 

<») 

(1 

10 

0-011 

(4) 

-4 

10 

-0-04 


the frmno, the displacement of the joint in 
the specified direction is given by 

a=Mcx~. 

.If wo want the actual displacement of any 
joint wo may find the displacement in two 
directions at right angles mid thou find the 
resultant. 

Taking tho previous oxu tuples, if p P/A 
and f—Vf. A, where A is the area of cross- 
Huetion of the member considered, wo may 
write tho deflection of n joint in a specified 
direction orpin) to ^k(pl[f). We note that 
/~K A]iplying a unit load vertically at a 
wo have for the vortical displacement: 


From Fig. 1)1 wn find : 

Tho vortical dofloc.tion of a = 0-10 in. 

Tho horizontal dollootion of «—0-07 in. 

(ii.) Maxwell's Method. Vrivciph of Work. 
—Tho deflection of any joint of n loaded 
frame may also ho dotormlnod by the principle 
of work us follows : 

Lot F the total stress in any member 
required to produce unit stretch in that 
member. 

Lot 1,'istho actual total sli'css ill tho member 
duo to the loads on tho frame. 

Lot J-tlio length of the member. 

Lot k --- the total stress in any moinbor duo 
to a unit pull in any specified direction applied 
at tho joint considered. 

Lot <1--tho displacement of tho joint in tho 
specified direction duo to tho loads on tho 
frame. 

Lob 2 = the displacement of tho joint in tho 
upooiliod direction duo to a total stress h in 
the moinbor. 

Assuming all the mom horn quite rigid oxcopt 
tho momber considered, Wo have, by tho prin¬ 
ciple of work, 

, . k H 

Jxl x s =gx r 

since klj .F is the extension of tho moinbor 
oonsidered duo to tho total stress k in it. 

An extension of the moinbor considered pro¬ 
duces a displaoomont of tho joint in tho speci¬ 
fied direction oqunl to k x extension of tho 
moinbor. 

Therefore stress .1? in tho moinbor considered 
produces a displaoomont of tho joint in tho 
specified direction oqunl to k xPi/F. 

Duo to tho stresses in nil tho mombors of 


Moinlmr. 

k 

(t«iu|. 

V 

(ton* per k \. in..). 

0 >V 

m 

( 1 ) 

1 

0 

2-10 

0-0-1 

(2) 

•2 

-4 

120 

0-0207 

(31 

2 

0 

120 

0-01 

(4) 

■t 

“ii 

- 4 

120 

00533 



Total . 

• • 

0-1(1 


Applying a unit luiul horizontally at a tho 
value of k for member (I) will be 1 and for 
mombors (2), (3), (4) will lm zero. 

The dofioution of a in a horizontal direction 

, 24.0 l 

=0-000 in. 

§(25) -Fuamk with Rkijuxuant Mkmukks. 
—Lot the rodniulunt moinbors bo donotod by 
a, b, c, oto., and tho othor mombors by 1, 
2, 3, otc. 

Lot !?„ ropresont tlio true total stress in 
momber a whon tho frame in loaded, and 
similarly P B will roprosont tho total stress in 
moinbor 3 duo. to the loads. 

Lot Q,, Q a , Q a , oto., ropresont tho total 
stresses duo to tho loads wliioli would exist in 
momliors 1, 2, 3, oto., if all tho redundant 
mombors wore absent. 

Lot k ia represent tlio total stress in member 
1 duo to unit pull in member a, all tho other 
redundant mom Imre boing supposed removed. 

Lot F 3 represent tho total Rtress in any 
inombor 3 required to produce unit stretch 
in that member, nnd ho cm. 

Lot f 3 ropresont tho length of moinbor 3, 
and so on. 

Wo have 

1*1 — Qi+ k in l.\i d- -1* i'lol.’e + ...» 

1*2 = Qj + ioqPa + £ 2 |>l?b + i'acU-a + ... | 
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and similar equations For all the moml>ers 
which are not redundant. 

Now let uh eon lino our attention to mnm- 
]nsr a, say, and employ the method of tho last 
ariiele. If 5„ is the shortening of tho meinbor 
a, wo have 


Jtut <»„ is also equal to -P fl /F„. 


'J’lie shortening of member {<>), i.e. the displacement 
of « in direction <ic, c being fixed, 

VH «1 /_ s /ft) - 0 ■■ M8l»,) x 0-388 X (2 dO/ N /3 ) 

f " i2,o66/«“/S 

_ (; —<2/ sJ%)_-_0-UV 6 ) X 0-7 4 x (120/ , x /3) 

.Y 2 ,oo 6 / 2 . s /!i 

((2/3) l 0 -l27P 5 )0-427 x 120 

+ ' 12,666/i) 


Pa _ jM'in^l , , 

■ • 1<’„" P," ” J'a * * ‘ * 

Q, -I- + A-joPo-l- • • .) fr Jr 

-I-, oto. 

Wo shall olitnlii ft similar equation for ouch 
of tho other redundant moinhors. If thoro uro 
)(. redundant moinhors we shall obtain n oqun- 
lions containing only tho unknowns P n , l' t , 
P e , etc. 

From theso oqualionn wo may find P a , P t , 
P 0 , etc,, and thereforo P u P 9 , P !)( oto. 


As an example, toko tho fnuno used in tho previous 
example, but with no ad¬ 
ditional member (6), as 
shown in Fig. 32. 

I.nt W *=■ 1 ton, (lion from 
tho previous example tho 
areas of members (1), (2), 
(It), (+) are l/(l . s /3, 1/2 N /S, 
1/0, 1/3 hij. in. respectively. 

Lot tho area of tho cross- 
h notion of (f») be J sq. ill. 

, Tnko tho member (5) as 
the rci I umlaut moinlxir and 
eoiwider the stress of tho other momlioM due to 
a unit (mil iu member (5). Draw l»l imrallel to da. 
Then 



Kin. 32. 


ir, 


t)h 
«*/ 
til) 

,iq 

lt M - 0*427 
kvirn-Q-m 


k 

kn 


- 0-388 

- 0*74 


1-1 

l " Os/a 

li 


jCa 2 N /3 
U 


„ 10 
u “i» 


iy.-£-W«|> 

r.' ffl .^|0-127P 5 

X*.,--~0 , 801P 0 
d . 


(_- (4/3)-0*8Miy x 0-854 x-120 

12,000/11 


Unt duo to pull 1’ 5 the shortening of. member (5) 
_l‘ g x1*52r»_x_120 _3 05 
12,000/2 .“ 166 5 ’ 


fl* 74 i> B +n-- 3 <or>p BI 
i.e. 1> B =-0 fil2 tons. 

Having oblaiimd the thrust in member (5) we 
can now obtain the stress in each of tho other 
members. 

VT.I 


§ (2(5 ) Strength of a HO-foot Road- 
jutlTHJlo. — Wo will ilhistnvto in detail tho 
method of estimating tho Htrongth of a 
Btrncturo by tnking an notuiil example of a 


; ^WWWVWV \M 

i '7/ r-- / it fJ 




Ido. 83.—A Hkeleton Elevation of iv Girder. 




EiO. 35.—A Portion of n ttlrdcr In dotoll. 


lattice-work bridge, designed originally for 
military purposes. 

Tho bridge is not selected ns specialty 
roprcaonting modem highway bridges, but on 
account of tho fact that tho calculations 
involved aro relatively slmplo mid short, and 
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spun ih tilt it., and tho over-all 
of tho girdera (ii ft. The bridgo is 


ft. Uui Hiinui timo illustrate tho essential points 
' v L,c U linvo to ho considered in nil stool bridges 
'• tltijri diameter. For a pornmnont structure 
' 113 used at tho junctions in the flanges 

Ik; replaced by rivets. 

I ho alum* span is 410 ft., 

lon^fcU 

ihjHigjxcsd to carry a continuous train of l(hton 
ti’ict! t( j i-h, with axle loads 5 tons and 11 tons, 
tluj tt.jcle» being 10 ft. distant apart. The 
woi^lii; of the bridge is 32-(i tons. The 
Hintfiucjo hotweoil tlio centre lines of the 
K*i*«Ioi-m in 12 ft. 0 in. Tho lneadtli of tho 
J'uiutwivy is 10 ft. Tho bread til of tho wheel 
biiwo of the tractors is 7 ft. 

(*-) JsSxlimittioii of the Maximum Hauling 
I'hjmeni,—In this bridge the chords of tho 
giriUn'H are the same tlmiughout tboir length, 
ho wo tieod only consider the maximum bond¬ 
ing; moment produced by tho loading. 

Wo will allow 10 ft. between tho rear axle 
<'f nno tractor and the front axle of the tractor 
im moil lately behind. This leaves only Homo 
d £b. mstual eloavaneo. If the tractors close 
»«|> more than this they will bo going dead 
hIow, aiul in that case tho impact factor might 
I J<> rotlucsod. 

Wo mlopt an impact factor !}. 

'I’lm maximum live load which can bo on 
tlici l»t*iclgo is shown in Fig. 3(1, where tho 
ofVootivo Hpan is taken us (12 ft. 

' 1*0 omtiinato tho maximum bonding moment 
wo may draw a sorles of bonding moment 


r»-70- »!< -70* 4c- /()' -it-to' -'W-W 1 

0 ..<P. 




0 

- - os' - 
Ido. lift. 


£1 


diiij^i’imiH for dllYoront positions of tho train 
uf bra.otors on the bridge and soloot from tbeso 
l.h«j muxiimiui value, or wo may make uso of 
tho following facts: 

{ .l) '.riui maximum bonding moment for tho 
hritlg»cj will occur under one or other of the 
IoiuIh. 

A. glance at tho bending moment diagram 
for emo position of tho loads will show this 
to I JO fc 1*110. 

(2) 'I.’ho maximum bonding moment for tho 
bridge will ooour near tho middlo of tho 
bridgo. This is found from oxporionco to bo 
tho IHIHO. 

(ii) With a definite system of loads on tho 
bridgo the maximum bonding moment under 
any ouo load ocom-s when that load and tho 
(nuitro of gravity of ail tho loads on the bridgo 
iiro C 31 |niilistiint from tho supports. 

Ahhuiuo tho loads on tho bridgo are as 
hImjwii in J’%. 3(1. Tho centra of gravity of 
t.l»t> lcimlB will bo at load B. Tho maximum 
lietiriitig moment under B will bo when it is 


at the centre of the bridge. Taking moments 
for the loads on the left-hand side about B, 
we have 

M„=29*5 x 31 -11 x 30 — 5 x 20 —11 x 10 
=5174*15 ft.-tons. 

For tho maximum bending moment under 
A wo find that, by fulfilling condition (3) 
above, the system of loads on the bridgo 
changes and wo get tho system shown in 
Fig. 37. 

Tho centre of gravity of the load on tho 
bridgo is now at A. For maximum bending 


10'- >j<- to' -1< -JO- 4- -10- 10'- -j< -fO->j 
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moment under A it will have to bo placed at 
the centra of tho bridgo. Taking moments 
about A for the loads on tho left, wo have 

M a = 2(1*5 x 31 - 5 x 30 - 11 x 20 - 5 x 10 
=401*5 ft.-tons. 

This is greater than tho maximum under B, 
and therefore we must design for 40]-5 
fl.-lons. Suppose. W is tho load which, if 
uniformly distributed, would givo the same 
maximum bending moment, then 
JWx <12=401-5, 
i.c. W =51 *8 tens. 

Wo must now see how much of this load may 
linvo to bo carried by one girder. The wholo 
train may bo on nno side of tlio bridge, and 
wo havo tlio condition shown in Fig. 38. 
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Wo got for tlio maximum moving load (F) 
carried by one girder 

12*6 x 3?=7*76 W, 

.*. F=0*02 W. 

Allowing for an impact factor of Ij, and for 
tho weight of the bridgo, eaoli girder should 
bo capable of withstanding a lwuwlir 

=4(0*02 x K ’ " -• 

=438 ft 

(ii.) Longitui 
Girders. —End: 
ohunnola, each 
lbs. per foot, 
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8 871 M{. in. To #4 tho effontivo area wc 
mnat consider a join! whore. it will Iks seen 
Unit there arc two bolt-holes in a vertical 
emss-section. 'The holla arc l. 1 , in. diameter, 
and the thickness of tho web of tho ohannel 
is 0-47B in. 

Therefore Liu; effective area 

= 2{8-871-2xf x0«t7fi) 

= 1541(5 «(|. in. 

If p is tlio mean stress in tho chord, then 
j) x 15-:ifi x 4417 =4118, 

=11-12 tons jier Bq. in. 

How wo have to liear in mind that in this 
bridge tho roadway is supported on joists 
which rest on tho hottoin chord. There will 
therefore ho an additional stress <1 no to tho 
fact that tho portion of tho chord botweon 
two panel points has to not as a beam. Since 
the chord is contiiiuona through tho panel 
points, and the load is carried on (looking, 
which is also continuous over more than two 
joists, it is impossible 
to estimate exactly 
tho maximum bond¬ 
ing moment in the 
chord. Wo shall 
rather overestimate 
tho maximum bond¬ 
ing moment if wo 
assume tho chore! 
merely supported at tho panel points and a 
heavy axle midway between tlio panel points, 
i\h shown in Fig. 30. 

Tho maximum bonding moment 

W 13 
= 2 *1V 

Now W may ho 0(12x11 x$ tons. 

Therefore the maximum bonding moment 
(HS2 x I I x5 x Id 
*“ 2x12x4 

= 4-(12 ft.-I oils. 

Pur tho chord tlio moment of inertia about 
the axis of bunding is 2 x I3U-7 in. 4 

'[’lie maximum longitudinal stress 
4412 x 12 x R 

~ 2 ( 51'4 

= 1-0(1 tons per sq. in. 

Adding thin lo tho stress previously found 
wo' get the maximum longitudinal BtreHs in 
the chord equal to 7-18 tons por sq. in. This 
is satisfactory, Hinco tho ullowahlo stress may 
i jo 7-5 tuns per sq. in. 

Wo have not considered the possibility of 
buckling in the top chord. Tho chord itself 
bus very little resistance to buckling in n 
horizontal direotion, particularly at tho joints. 
It wall ho soon in Fig . 34 that buckling has 


w 


... - 2 2- • 
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been prevented by means of side struts at 
frequent intervals, every 2 ft. 2 in. at the 
middle of tho girder. 

(iii.) Joints in the. Chord. —At a joint in the 
chord only one channel has to he joined at 
ono section. Tho most heavily stressed joint 
will he the one nearest the middle. This 
occurs at 2 ft. 2 in. from the middle, and the 
bending moment at this point will he practi¬ 
cally the same us that at the middle. 

The pull to bo transmitted by tho bolts 
of the joint is 438/2 x4 , (57, i.e. 47 tons. 

There are soven l.j-in. bolts on eithor side 
of the joint. 

Therefore the bearing pressure 
_ 47 

— 7 x 1-2(5 x 0475 

= 11-3 tons por sq. in. 

Tlio shearing stress 

47 x 4 

~ 7 x 7r x Pin 3 


= 3-5 tons por sq. in. 

These are satisfactory since, with tin allow¬ 
able tensilo stress of 7-5 tons per sq. in., wo 
may allow -!j x 7T>, i.e. 0-7 tons per sq. in. in 
shorn-, and ljx745, i.e. 11-2R tons por sq. in. 
in bearing. 

(iv.) Diagonal Members .—Tlio first four of 
these at either end consist of two 4 in. x 3 in. 
x jj in. standard angles, and tho intermediate 
ones of two 3 in. x 3 in. x g in. standard angles. 
Wo need only examine tlio end one, which will 
have to carry the greatest load, and tho fifth 
ono from the end. 

It is easy to seo that tho maximum shea ring 
force will occur at one ond of tho bridge when 
an 1,1-toii axle has just got on to tho bridge. 
Prom Fig. 3(5 wo lmvo tlio maximum shearing 
force F due to the moving load given by 
P x (52 = fill x 32, 

F = 30-4 tons. 

The maximum shearing force which may 
have to he carried by one girder 

=304 x 0(52 x!} + 8-15 
=31-8 tons. 


Lot 1* us tlio maximum thrust in tho ond 
diagonal, and 0 tho angle of inclination of tho 
diagonal to the horizontal, thou the-maximum 
ond reaction will bo equal to V sin 0 , 

i,c. P sin 0 =31-8, 


T 

Tho length 


31-8 x 1-8. 
1-72 "' 
__ B O 
sin 0 


33-2 tons. 


_B(5 x 1*8 
“ 1-72 " 
=C8-0 in. 





825 


STRUCTURES, THE STRENGTH OF 


Tbci diagonal is made of I,wo 4 in. xS in. 
/ '** ll >- angles, arranged as shown in Fiy. 40, 
GO i\*uj (/>). 

*3V- ‘Id (it) shows tho singlo angle. The 
1 ,OJt - *->f eims-scctiou is 2-485 sq. in. Tho 
,n< >nic..nis of inertia altonfc axes XX and YY 


The positive shear in the third panel of 
tho two girders is equal to the end reaction 8. 


q _ 33x30-5 +15x20-5 
'"82"“ 
=21-2 tons. 



i til. 


y\ 

(«) 



40. 


Uu<>vi K h tho centre of gravity are 3-80 in. 1 
nntl L-JJ 7 in, 1 respectively. 

I’’ 1 **-’ l-lio compound member wo shall have 
v” ^ Gfio liioinontH of inertia, about tho axes 
nml YY through tho centre of gravity 

T.^ ■-= 2 x ;j-8i) ;:-7-7H in. 1 , 

I uu =■•= 2 X 1-87 2 X 2-485(0-771 -l- 0-375) 3 

-10-23 in. 1 . 

Tho least radius of gyration is 


J 


3-81) 

2-485 


1-25 in. 


'I 'lio fetlomlomcmt ratio 


Q 58-0 
" 1*25 


—4(1-0. 


ITwlng the formula (8-<M)35«) tons por in. 
for lilio working stress, wo got the valuo 
(8--0-0:15 x 4(H)), i.e. 0-38 tons por sq. in. 
Tho ixotuul maximum stress is 33-2/2x2-485, 
i.e. <J- r 7 tons por sq. in. 

Tlio actual stress is high, even allowing for 
tho fivofc that wo have (alum tho longth as 
monmired fmm Llm centre of tho chords, ns is 
commonly done, whoreus tho actual length is 
connit Icuahly less limn this. 

YVo will now examine tho fifth diagonal 
fruit*. the left-hand end. With sufficient 
lUfuvtriioy wo may take tho maximum pesitivo 
oliujt,r in this member to occur when 'a train 

i< -nV'-jwe'->i< -io-> i< to'- j* to' >U-to- »f,° 
j -Cj)—tj) (p —iji— (p —fji 

it a it 6 it o 

<"■. 02' --> 

£ n 

Ira. 41. 


Of this, 0-02 8 may como on one girder. 

Duo to the dead weight the positive shear 
in tho first half of the third panel of one girder 


= 8-15 


12(i 2 1(1-3 
12 X 3 X (if 


=5-7 tons. 


100 

12 


1 10-3 
3 X "04 


In this wo have made the usual assumption, 
viz. that one-third of tho weight is carried 
on tho top chord and two-thirds on the bottom 
chord. 

The maximum shear in tho third panel 
=21-2 x 0-02 x-J + 5-7 
--=22 Ions. 

Tho length of tho diagonal 

- VfiO* + 2 fl a 


= (11-0 in,. 


Tho thrust in tlio diagonal 
22x01-0 


=24-2 tons. 

Tho diagonal consists of two 3 in. x3 in, 
x j| in. standard angles. Total area of cross- 
section, 4-222 sq, in., and least radius of 
gyration, 0-9 in. 

Tho allownblo stress 


0 0-35 x31-0 

= 8 ""~.'fi— 

=5-0 ton8 jior sq. in. 

Tho actual maximum stress 
2 - 1-2 
"4-222 

=5-7 tons por sq. in. 

(v.) Joints .—In tlio ond diagonal thoro aro 
five -J-in. rivets at each end, 

Tlio bearing pressure 

_ 332 
oxjxj 

= 10-1 tons por sq. in. 

Tho shoaring stress in tho rivets 
33-2 x 4 

~5x2x7rx(4)» 

=5-5 tons por sq. in. 

In tlio fifth diagonal wo havo four J-in. in 
plnco of five. 

Tho bearing pressure 


of tmoCnra is In tho position Rhown in Fig. 
41 t-J io first load occurring at tho joint botweon 
the tli ini and fourth panel. 


24-2 
■Ix i xl 

= 9-2 tons per sq. in. 
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Tho shinning stress in tho rivets 
24-2x4 

~ 4 :< 2 x ir x {$)* 

—fi-Oi» Ions por sq. in. 

These arc satisfactory, since tiro allowable 
bearing |m!Hsuie is llj tons per hij. in. and 
tlio allowable shearing stress 5*7 tons per sq. in. 
Wo Jinvo assumed tho effective area for 
dim bio shear equal to twice that for singlo 
shear. Engineers frequently only take 1J in 
place of 2 in estimating tho strength in doublo 
shear. There appears no reason for so doing 
in a case such ns this. 

Wo must now oxamino tho joints between 
the gusset plates and the chords, and wo will 
consider the Hint from tho left-hand end on 
tho bottom chord. 

The maximum stress due to tho moving 
load will oeouL- when thoro is no load to the 
loft of tho joint, an 11-ton uxlo at tho joint, 


fF m" 

jo'.. 

([) e 

■* »o- **■ to'- y /o'- »i< - to- yo's”] 

_(j) ...<h_ Cb -ij)— 

TH 

11 

I f T 1 - 

II 5 11 3 

8 
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mul tho rest of tho span covorod by the train 
of tractors, as shown in Fig. 42. 

Taking moments about the right-hand end, 
wo havo for the bridge 

c 33x30-17 I-10x2017 

S “. “ (12. 

-27-H tuns. 


Duo to tho dead woiglit of the girder, 
assuming one-third distributed at tho joints 
of tho top boom and two-thirds lib the joints 
of tho bottom 1 ) 00 ( 11 , we havo for the shear 
por girder 


8- lfi ‘ x 2-83 x ^ x 2-83 x J x ~~ 


--7*07 tons. 


The total vertical shearing force 
=-R)4l2 x 27-8 x 3 +7*07 
=s2U'3 tons, 

Tho tension in tho diagonal 
. ,.20*3 x (11*0 
fiO ' 


= 32-2 tons. 


By an exactly similar ealmilfttion we find 
for the third diagonal tho maximum thrust 
is equal to 22 tuns. 

Resolving these vertically anil horizontally 


wo have for the resultant pull on the gusset 
plate 

/7 {32'2 i ‘22) x 2(5 V*7T(f® : 2 - 22) x 5Q \ 

V l.(51 6 / V" .«. J 

- 2445 tons. 

There are elevon J-in. rivets connecting the 
5-in. gusset plate to the boom. 

The bearing stress 
24.45 

fix**! 

= 34 tons por sq. in. 

Tho shearing stress 

_ 24 (5 x 04 x 4 
1 f x v x 49 x 2 
= l-8i» tons por sq. in. 

Thcso are eonsUlorahly less than the allow¬ 
able stresses and fewer rivets would havo 
sullicod. It can readily bo seen that tho size 
of tho gusset plate is moro than sufficient so 
far as stress is concerned. It is determined 
by tho space required by tho joints at the 
ends of tho diagonals. 

(vi.) Floor ,$ 'union. —The roadway consists 
of 0 in, x 4 in. selected pitch pine planks 
running longitudinally, and supported on 
12 in. x (5 in, x 44 lbs. standard steel joists. 
Thcso rest on the bottom chords of the girders 
and are spaced 2 ft. 2 in. apart. 

Tho greatest bonding moment and shearing 
forco in a joist will occur when iv heavy axlo 
is.immediately over the joist. 

Tho roadway occupies the middle 10 ft, 
of tho distance hotweim tho girders. Tho 
distance apart of the wheels, centre to contra, 
is (>B in., and tho breadth of each whcol 10 in. 


•<. 00- — «i< - - 4D"- - c-l 
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Fig. 43 shows tho position of tractor wlicols 
for maximum bonding momont which ocours 
under wheel A. 

Reaction Q --- ^.^(101 -1- 33) 

=4-02 touH. 

T'ho maximum bending momont, allowing an 
impact factor of J, 

= 4-02 x J x 40 
= 301 in.-tons. 

Tho dead load earned by a joist is its own 
weight and tho weight of 2 ft. 2 in. length 
of tho timber roadway This latter weighs 
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ii* ^ tui1 I 101 ' fo(,t 1,111 > 111,(1 the joists weigh 44 
I hu* foot length. 

-t otal dead load pci- joint 

_44xl2f> 012x2(5 
22-id 12 . 


=0-50(5 ton. 



»o bonding moment at A, Pig. 42, duo to 


= 0-25:1 x 40 - 


0-253 x 40 2 
ir>d 


The stresses in the timber nro high for 
permanent structures. For pitch pine of the 
best quality the tibro stress should not exceed 
some 1800 lbs, per sq. in., and tlio shearing 
stress along the grain some 225 lbs. per sq. in. 
The high stresses were justified in this case, 
since the timber decking could bo easily and 
quickly repaired if any serious wear occurred, 
which would reduce the thickness of the 
decking and thus unduly increase the stresses. 


= 8-1)5 in.-tons. 

, maximum bonding moment for the 

J 0l »t =300 in.-tons. 

-I'lio moment of inertia of tiro joist for 
liO 1 Hliug I! 15-11 ill. b 

-IMioroforo tlio maximum longitudinal stress 
301) x (5 
“ 315-3 

=5-0 tons per sq. in. 

r !'liiH is well within the limit of 7-5 tons por 
B, t* *n., and the joist oould oarry a hcavior 
loud. 

r l'l»o maximum shear will bo oqual to 

•* • i> 

= (11 -4-02)} -1-0-253 
--7-8f> tuns. 

!''• >r thin joist tlio shear may he as high an 
20 ttnjH, ho it is quite safe to cut away part of 
tlui joints at the ends us it is dune in thin 
lloHijtru. 

YVcs must now oxamino the tiinbor decking. 
Siimo tlio breadth of the trnolor wheel is 1(1 in. 
wo hoc that this nuvy rest on only two U in. 
x <t in. hoards. The maximum bonding moment 
will Iro produced when a wheel is midway 
liotweeii the steel joists. 

-I ’J io maximum bonding moment 
x 5-5 x ■} x 20 
=44-(l in.-tons. 

r .l?lio fibre stress in the timhor 
44-11 x 2 
“Vsx 18 x4 s 
=0-1)3 ton per sq. in. 

"2080 lbs. por sq. in. 

'I'Jio maximum shearing forco in the timbor 
---fi-RxJ 
= 0-88 tons. 

bl'lio maximum shearing stress equals one 
aiii.l l»«df times the mean shearing fitress, 

'L'liorofaro the maximum shearing stress 
3 3-88 

~2 X 18 x 4 
= 0-143 ton por sq. in. 

= 320 lbs, por sq. in. 


vu r 

. § (27) Ahouks.—I n order to estimate the 
internal stress in arches wo require iirst of all 
to determine for each normal cross-section the 
bonding moment, the shearing force, and tlio 
normal thrust, produced by the externally 
applied loads. The methods employed to 
effect this analysis will depend upon tlio typo 
of aroh. 

i-et V„ and H 0 bo tlio vertical and horizontal 
components of the reaction at the abutment A, 



Fig. 44, and M„ the bonding moment at tlio 
abutment. 

Lot R, S, M bo the normal thrust, the 
shearing forco, anil tlio bending moment 
produced by the internal stress at sootion C. 

For tlio equilibrium of tlio portion AC ivo 
have 

Itco30-Ssin 0-H„=O 

It sin 0 + S eos 0 + W, + W, + W 3 -V o =0 

M-Mo+Va®—W|* t - W 8 a?2 

" Wj® 3 — II,>«/=0 

Supposing the loads W t , W 4 , etc., known, wo 
sco that wo have only threo equations from 



wliioli to dotovmino six unknown quantities. 
In the gonoral case thon wo shall have to 
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obtain tlireo more equations by considering 
the strains produced. 

We will cnnsiilcr Unco eases: (i.) Areh 
binged at tho abutments and at tlio crown ; 
(ii.) Arch hinged only at tho abutments; 
(iii.) Arch with no hinges. 

(i.) An-.h hinged at the Abutment* and at the 
Grown .—The equations for tho equilibrium 
of AC become 

It cos 0 - S sin 0 - H 0 1 

It sin 0 + S cos 0 = - F . • (2) 

where F and M' arc the shearing force and 
tho bending moment for a straight Imam loaded 
with the snmo loads as tho areh. Considering 
tho equilibrium of the wholo arch, and taking 
moments about B, wo can find tho value of V„. 
By considering the equilibrium of half tho 
arch AD, and tolling moments about I), wo 
can find the value of Jl„. 

Wo then hnvo tho llirco equations ftbovo 
from which It, S, and M can ho found. 

For finding M, a graphical solution is 
usually tho simplest. For tho nroh at D, 



FlO. 40. 

since M=o, wo have M'=H 0 xT)B, where 
M" is tho bonding moment at E n£ a similarly 
loaded beam AU. 

Lot ADD l>e tho oolitic lino of tho nroh. 
On All draw a bonding moment diagram, 
assuming the loads W p W 2 , oto., to act on a 
straight Imam AU, and make tho scab such 
that DIO represents M*. 

At any point C of tho arch draw KCN 
perpendicular to AH; then 

KN M', and ON = I l„y, 

K(J = KN - ON = - M. 

The vortical distance between the nroh 
and the bonding moment diagram for tho 
similarly loaded beam represents tho bending 
moment in tho arch. 

(ii.) Deformation nf un Arch due la J lending, 
—SuppoBO ft small clement d* of the areh 
situated at 0 is bent through an angle di. 
If tlio position of tho arch to tho loft of tho 
element remained fixed, and tho portion to 
the right of tho olomont rigid, then, duo to 
the bunding of ds at 0, B would lio displaced 
to some position suoti as IT, whoro 

BB'-llO x di. 

Draw ON and B'lS porpondicmluv to AB, 


The horizontal displacement of B 
—.BE 

sin Eft'll 

=110. sin CBN. di 
=!/. di. 

Tho vortical displacement of B 
-li'E 

= HB' Hill EiViv 
-x . di. 

Now di/ds-tho change of curvntiiro at 0 
due to tlio loading, i.e. M/El, if the radius of 



ourvaluro is always largo compared with tho 
thickness of tho arch in tho direction of tho 
normal. 

If tho end B is fixed, there being no rotation 
or translation there, then, relative to B, 


tlio horizontal displacement of 0 


, lie* 


tlio vortical displacement of 0 



tlio change of slope of O 



Those are the fundamental equations em¬ 
ployed in the analysis of arches. 

If the ends are fixed each of tho three 
integrals, taken hotwcou tho two onds of 
the nroh, will lie zero. 

In tho ease of an areh with hinges at tlio 
abutments, assuming these do not move 


whoro l is tlio length of the areh, 

M* 

Note in this case j j^ds doos not give tho 

relative vertical displacement of tho two onds, 
since it does not allow for tho rotation of tlio 

areh at tho end A. Similarly, / docs 

' 0 

not represent tho oliango of slopo of tho 
two ends. 
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for motion due. to Direrl Thru.si and 
.-ill 7 l mn ' i,,|,H fonnuUio do not allow 
i«*r for the deformation produced by tho 
1 l *""W ><* H» direct thrust R, or for 

, •'«' -rnmfio.i produced by shear. In 

J "‘I oases these extra deformations will 
<| n . ,(o Hl " 1 ' 11 pared with the defornm- 

'M''* h tV T L " ll(!mlil ' K ’ ,m<l thc y ure usually 

<« v.) A>rh kinged id the. In this 

V 11 '! 1 *■ ,ls *" *ho last, wo can dclormino V u , 
*'' m utatuml conditions of equilibrium will 
«»mil>l<i ns to lind ll 0 . Wo havo to nmko 
noim, further assumption. Tho assumption 
imimlly made is that there is no displacement 
< in abutments duo to tho application of tho 
hiitilH l,D the arch. Hy assuming this, wo can 
ilH t'rimnn ll n as follows : 

* ' ,l HMi<lor tiio olTcct of bonding in tho arch. 
W<> Imvo 

f>=0, 

Mil' i uInfjrration being porformod for tho wholo 
li’iifjl.h l nf flm arch. 

Now M ~ir 0 > j/-M', 

... 0 , 


/ (M'y/Kfyb 

11,-^, .. 

0/WW 

•'n 

I hi i iitlly the InlngmUons cannot ho porformod 
ilinu'tly, [iliice M' and jy cannot ho oxpressod as 
a, fuiiotion of ,v, Imttlio values of tho numerator 
uinl tloiiuuiinufnr may ho ohtainod graphically 
with Huflioiont uooumoy hy dividing tho arch 
liitu it largo number of orpial small segmonts, 
uinl !»y (lulling flic valim of M'y/El and y a /13I 
foi' oaeli nogment, id/ and y being takon at tho 
mil h lln of tho segment. 

II iLving uhtainod thovaluo of M 0 wo proceed, 
mu in ( ho imso of tho fhreo-liingod arch, making 
uuo (if n graphical construction to determine 
tlm bonding immiont in tlio aroli at onoh point. 


N i nv 


dn 

ib 




mul i f tlt/filx ]h small ovorywhovo wo may, as a 
oheo i oimugh approximation, write dn equal to 
d.c, 

{v.) Arch without Hinges. — In this onso 
wo n?imnut, as in tho previous onso, write 
(Vya iluw) equal to tho bonding momont in 
a uirntliuly loaded beam, sineo V„ may have a 
ililTcriMit vnhw from that of a similarly loaded 
Imam imu’oly supported at A and B. Wo may, 


however, write V 0 = (V 0 '+V/), whero V/ is 
the vortical reaction at A of a similarly loaded 
beam. 

Equations (1) become 

R cos tf-S sin 0-H<,=O 1 

R sin /? +S cos 0 + F-V o ' = 0 
M - M„ + V u ';c + M' - t r„y = 0 j 

From the fundamental equations of tho 
arch, if f=the length, assuming no yielding at 
tho abutments, wo havo 



From thoso wo may find M„, V'„, H 0 , and 
from equations (l) R, S, and M. 

Iforo again wo may now construct a 
bonding momont diagram for tho external 
forces and couples, with tho oxcoption of II 0 , 
on a similarly loaded beam AH. By choosing 
Buitablo scales, the vertical distance bctwcon 
tho arch and the bending moment diagram 
for tho similarly loaded beam will give tho 
bonding momont in tho arch itself. 

(vi.) Effects of Temperature Changes. — In 
tho onso of tho arch with hinges only at tho 
ftbulmonts, and tho arch with no hinges, a 
ohango of tompornture will affect tho stresses. 

Lot a bo tho coefficient of linear expansion, 
t tho riso in tho temperature, and L the 
distance bolwcen tho abutments. 

If tho abutments were freo to expand 
outwards, duo to tho inoreaso of tempera¬ 
ture, L would inoreaso by «(L. If tho n hut¬ 
ments do not yield, this amount of expansion 
has to ho prevented hy an additional horizontal 
thrust H' at tho abutment and, in tho case 
of an arch without hinges, by an additional 
moment M', and may be an additional foreo V' 
at tho abutment. 

Tho bonding momont (M) at a section of 
the arch, tho centre of gravity of which is at 
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a height if al ifiv« i ho abutments, duo to tlio 
ohatif'o of tenipomture, will he given hy 

M< - M' -I-1 i'jf - V'.k. 

For mi arch wit!unit hinges, assuming no 
yielding at the abutments, wo ahull have 


and 


alL ~ [ 

r 

■'0 

f 




From Ihoao throe equatioiiH wo may 
imhmlatci M', II', and V', and honeo tho 
stresses indiiuod hy tho uluuigo in temperature. 

I f tlto moh in Kynnnetiieiil about a vortionl 
lino through tho ooutio of tho spun, V' becomes 
zero mid tiioHooond and third equations bocomo 
the name. 

For mi arch with hinges only at tlio abut¬ 
ments tlio aeeniul and third equations do not 
hold, i\[' ami V' nro zero, and M equals Wy, 
Tho lirst equation becomes 




or 


Il'=- 


ait 




As Illustrating tlio application of theory loprnotico 
we will liiltc a simple example. 

One span of a railway hrldgo built of oironlar 
arolicd ribs of east iron is <12 foot in loiigtli, with a 
f/ i, t n vortical vino of R foot. Tlio 
,. rilw nrn of uniform oross- 

/;’i—ill., _ urn Hon, with tlio dimensions 

shown in b'itj. dH, and me 
longed uf the n I mimen Is, 
Aflor creation it was found Hint in 
o»iUH!(|iuini!n of uneven soUlnmotit 
tlio spun Jiml Inoroasisl by I In. 
It was required to find tlio additional 
normal stress induced duo to thin. 

Tlio modulus of I'liisUolty for oust 
iron may he Inlien «h l/> x 10° lbs. 
per ni]. in. 

Tho urea of cross-see lion will 
ho fo»md">71-7 sq. in. The eenlro 
of gravity Is 14-BO hi. from Min lnittoiii of tho 
wetion, 'I'lio mmnont of inertia of tho oross- 
Hcetion shout a horizontal axis through the centre of 
gravity in, 1 . 

Fry. 'Hi ro [ires on to Urn centre lino of tho rib. 


1 

1 

1 

■■ 




G 

T 

1 'f 


y 

i 

; i4- 


::in 

12 



I’m. -JR. 



Fig. -lft. 

Lot I ['’the horizontal Hi rust at tho nlmlmonts, 
and Si tlio hem ling moment in tlio aroh duo to tho 
fiottloimmt, thou M»Hy. 


The dnoveaso in npun 



T'o find this sve divide tho span into 1G equal 
intervals nml measure tlio value of y at tlio inidcllo 
point of each interval. For the half-span the values 
of y and y' 1 are given in the table below: 


Interval. . 

\ 

2 

3 

4 

5 

(1 

7 j 

8 

1 / (feel) . . 

1 

2-7 

4.3 

5(1 

«.f> 

7-3 

7.8 | 

S 

V 3 ... . 

1 

7-3 

19-6 

31-4 | 

42.3 ' 

f) 3-3 

01 i 

04 


With sufficient aconraoy wo may take tis to 
equal dx. 


i 


i 

y 2 r/s = 2{04-|-61 -1-53-3+42 1-1-314 + 19-fid-7-3 I-!.} 


H= 


, r 2100x123 
lfi X 10° x 88130 
15 x 10° x 8850 
2100 xl2 3 B, “ 


x- i7; -2100 feet 3 , 
lo 

- 1 , 

: - lfi-l) tons. 


The sign is negative, sineo the incrcnso of span will 
cause a decrease in the total thrust at tlio abutments, 

Tho maximum stress duo to this will occur at tho 
middle, where tho normal pull will equal 15-9 tons 
and the sagging betiding moment will bo lfi-9x8 
ft.-tons. 

Tlio normal tension will produce a uniform tensilo 
stress cqunl to 15-0/71-7 or 0-22 ton persq. in. 

The maximum stress due lo tlio bonding will bo 


(I) 


Tensile stress 


lfi-0 x8x 12 x 14.50 
8850 


-=2-Gl tons per sq. in. 

, 0 , . . 15-Ox8x12x15-11 

(2) Compressive stress = --r—--- 

OoUU 

=2-00 tons per sq. in. 

Tho sottlomoiit produces a compressive stress of 
2-44 toiiH per sq. in. at the top of tlio rib, and a 
tension of 2-73 tons per sq. in. at tho bottom of 
tho rib. 

With the data available we may oxnmino fclia 
effect of a olinngo of temperature. Wo will take the 
total change of temperature 100° F. Tlio cnellioic.nt 
of linear expansion for east iron =di-2 x 10“° per 1° F. 

Assuming tho abutments do not yield, the abut¬ 
ment thrust lias got lo neutralise an expansion of 
0-2 x 10- 6 X 100 x (12 X 12 in., i.e. 0-40 in. 

The change of nlrcsn induced will bo about ono-hnlf 
tho ohango duo to tho settlement. 


IX 

§ (28) Suspension Bridges. —Tlio ordinary 
aimplo BUBponsion bridge, with a flexible 
roadway suspended from tho cables, presents 
no special difficulties, as the stresses in tlio 
struoturcs can roadily bo obtained by the uao 
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v j| h talies. With such bridges, however, 

HUi > | , * Ulinn i>! lflllltivel y lar a«» and they are not 
y for heavy moving loads. Tu attain 

oar - ,< ‘ <i «ssary stifl'uoss tho roadway is usually 
Hi * ,<iC ^ 1,11 b'b'dora which arc suspended from 
ov° The girders may bo eontinuous 

• V s V Elio whole span, or they may bo binged 
'" Eli,, middle. 

h't */ ^ EJnv/m hfayed in the. Middle and at the 
—*" * J *" K <mB0 ‘ fc ' H to assume that 
. , 11 trillion retain tbeir parabolic shape when 
1 lti ln-idgo is loaded. 

-*ot. .11 be the horizontal component of the 


pull in the cables, V the vortical 



in tl in misponsion rods. Consider any scotion 
^ For (lie equilibrium of tho portion of tho 

oluti 11 AK, by faking niouumts about K wo have 

1 1. X Kit V . !b*-T . * 4 -T . * a - T . **,, 

.. H. • 

'I’ho numerator of tho right-hand side is tho 
lioiic 1 i iijr moment, at distance x from tho ond, 
‘»f n (straight heam similarly loaded to tho 
on 111 oh. lienee the curve of the cables is a 
boncliiig-inomont diagram for a straight beam 
Hiniiliuly loaded. 

IH owlor to estimate tho landing moment in 
Mtc» gilders, we draw two bonding-moment 
dia£» rmm, one due to the pulls in the suspending 
linlcM liotweim the euhloH and tho girdors, and 
tho either due to the loads on tho bridge, 
including the weight of tho bridgo itself. 
My iJjrnphieally adding tho two diagrams wo 
obhiivin the bonding moment in tho girders. 
Tlui ho ale to which tho cable represents tho 
boii< t i rig; moment diagram for tho pulls T,, 
Tjj, ote., is lixed liy tho faet that thoro is no 
bonding moment at tho centre. 

f Hi t A DU ro]n'esont tiio cables, and lot 
A(.M*J I L DhH represent tho bonding momontduo 



iTia. Bl. 


to hi 10 loads. Tho pulls in tho misponsion 
]ju !cfi will produce a hogging bonding moment, 
ivhorotiH tho loads will produoo a sagging 


bonding moment. Tho scale of ACEHDLB is 
adjusted so that it passes through the mid¬ 
point J) of the cables. 

At any point F in the girders the bending 
moment is represented by tho vortical distance 
GH. 

Tho shearing force is easily found, since we 
know T(, Tj, T 3 , etc., and the loads. 

Tho stresses in the girders may therefore be 
found. 

(ii.) Girders hinged only at the hinds .—The 
full treatment of this case is beyond the scope 
of this article. It will bo readily seen that 
the proportion of the load carried by tho 
cables and girdors respectively will depend 
upon tho stillness of tho girdors. One approxi¬ 
mate method, which is employed, is to assume 
that the oahlcs still remain parabolic in shape. 
Tho deflection in the cables at tho centre is 
then calculated in lorms of tho pull in tiio 
suspension roils, Tho dofleotion of the girders 
at tho middlo, duo to tho applied toads and tho 
1>«1I of tho suspension rods, is noxt calculated, 
By equating theso two doileotions tho pull in 
the suspension rods may ho found, and lionco 
tho external forces for tho girdors arc known. 


X. Ton sion 

§ (20) Circdi.ah Shaft. — In considering 
tho stresses induced in a prismatic momber 
by pur© twisting couples applied about tho 
axis, wo shall deal only with tho simplest, 
hut tho most commonly required case, viz. 
that of a circular shaft. In this cast? wo 
can, with a minimum of mathematics, 
dotormino tho stresses. Consider a circular 
shaft fixed at ono ond and subjected to an 
axial couplo of magnitude T applied at 
tho other ond. Tiio onuplo at tho fixed ond 
will also ho equal to T. It follows, by 
symmetry, that piano sections perpendicular 
to tho axis must remain piano. Supposo wo 
view any parlielo first from ono ond and then 
from tho other, it is obvious that tlioro is no 
reason why tho 
pnrtiolo should bo 
displaced towards 
one oiul moro than 
towards tho other 
ond. Again it 
follows that a row 
of particles on a 

radius of a cross-section before twisting 
also bo on a radius after twisting. 

Viow the shaft from tho xight-hand end, flay. 
Wo might possibly expect that a row of 
particles along n radius would bo displaced 
into a position such ns oba in Fig. 52. If wo 
viow tho same particles from tho loft-liand 
ond wo should, for tho some reason, expect 
thorn to move into a curve, oh'a! in Fig. 52, 
Since thoro is no reason why tho particles 
should bo displaced into a curved path, with 



Ido. 52. 


will 






832 


STRUCTURES, THE STRENGTH OF 


the numifiiro ono way rather limn Uio ollior, 
wo HHHinnn Mint ihtty rcnmiii along a radius. 
This bring mi, il is obvious tlml them cun bo 
no slide between I ho surfaces of cylindrical 
folios of whirl) wo may imagine the shaft, 
I mi If up. If thorn is no slide there will ho no 
uhcuriiig sli'esa, unit therefore a shaft Iniill up 
of perfectly lining lubes will have Min saino 
strength nn the solid iilinfl. 

Consider nn indefinitely thin tulio of radius 
r, unil hii p|man Mint all tlio twist occurs at 
mho tind, tim other end lining fixed. 





Fid. 53. 


.Since ouoli element ury slice of Uio lube in 
,m],j,.nlml (o Mm imnm twisting momnnt, il 
in ohvioim Mint' tlio shearing Htross wiling 
heri/ontully will hn the himiui at nil points, 
mid a litiu id/ on Mm tube parallel to tlio axis 
will, after twirling, form n helix «//. Tlio angle 
but/ will ho the angle of shear (>/>). Now, 
I'oiiieniInn ing Mint </< In hiiiiiII, wo got 

<l,h~bb'^r.0, 

. r.O 

i.a. </> ■■ i * 

where 0 Is the angle of Lwint fora length l. 

To determine tlio total 
reslNling momnnt, which 
lots to bo equal to tlio 
twisting inoilinilt T, wo 
divide the cwihh - Hontion 
into an infinite number 
of eleineiitiiry rings mid 
in logi n to. 

1 r ,H is ('lie nhearing h tress 
at radius r, we have 

where (1 in Ibe modulus of rigidity, 

H 0 

r r 

If (I in the diameter of the Hliaft, 

>t 



KUI. H-: 


i.a, 


H. 2irr a . dr 
<1 

•.( 1 . f ! /“ 2ir r a ilr 

'•'o 


(!. 


0 a d* 


r :»2 ’ 

Now jrif/:»2 Mlio polar niomont of inertia of 


Mm eroHs-srulion. full it J ; then wo get 

0 N 

‘ V 




Those are the formulae which aro usually 
employed in tins design of circular shafts. 
It will ho seen that the formulae apply both 
to solid and hollow circular shafts. 

In designing a shaft to transmit a given 
axial couple wo have to find a suitable 
diameter such that the maximum shearing 
stress which occurs on the outside shall not 
exceed a onrtnin amount, the amount allow¬ 
able being determined by an experiment on 
the material to ho used. 

Suppose n elm ft lias (o transmit. H horse-power at 
a speed «>f N revolutions per minute. This means a 
twisting couple T given by 

2ttNT =33,0001 f. 

If /is the maximum nllowablo shearing stress, 

/ 32T 

d/2 ~ n ot 1 ' 


d 3 - 


l(i x 33,000 x II 
2tt 3 N/~ '* 


er 

In many coses the question of torsional stillness 
lias also to lm considered in addition to tlio strength. 
This is measured by tlio angle of twist per unit 
length, 0/1. ^ T 

r"(S* 


§ (30) Ilou.ow Shafts,-—R oaring in mind 
thn fact that it is only the outside of iho solid 
shaft which can ho stressed up to the nllowablo 
amount, it is easily seen that economy of 
material will bn olteetod by making tlio shaft 
hollow instead of solid, and thereby raising 
the moan Htreas in Iho material. For shafts 
to transmit large couples, and whore economy 
of weight is Important, this is usually don-o. 
.It can easily bo shown that maximum saving 
is made when the shaft is of infinite radius 
and in finitely thin. Practical considerations 
of space available and increased size of hear¬ 
ing required, etc,, fix the outsido diametor. 
Another factor which hns to be homo in mind 
in tlio ease of very thin lubes subjected to 
torsion is that thorn will oxist in tiic tube 
a compressive stress inclined at 4!">° to tho 
axis find equal in intensity to tlio shearing 
stress. This compressive stress may can ho 
instability and wrinkling of the tubo. 

In tlio case of shafts subjected to end thrust, 
and possibly to bending as well as twisting, 
the method’of superposition is omployed, and 
finally the maximum principal stresses and 
greatest shearing stress nro determined. 


XT. Stiuonotu of Ciuoui.au Cywnouhs 
and Spheres 

§ (31) Tiiin Sheies. — Consider a thin 
cylinder which is subjected to a uniform 
internal fluid pressure j). If tlio ends aro fixed 
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directly to the cylindrical body, ami arc not 
otherwise supported, (Iki hotly of tho cylinder 
in subjected to a circumferential, or lump, 
tensile stress, anil also to a longitudinal tensile 
stress. 'I’d determine the magnitudes of those 
stresses, which wo may treat ns being prnoti- 
oally imiform throughout l.lio thickness, wo 
consider a. loni'itmlinal section passing through 
tho axis, and also a omss-scctimi. 

If t ia tho thickness, /, and f. 2 tho circuin- 
forontial and longitudinal stresses respectively, 
/ tho longlh, and <I tho diainotor, for tho 
longitudinal section the total push duo to 
tho pressure on one half equals phi. This iiiuhI 
ho Imlanood by tho cirmimforontiul stress over 
tho section of tho metal, i.e. 2/,//. 



For tho oi-ohh-hooI ion wo have tho total 
pmmuronu tho ends equal to p(jrf/ 2 /-l), and thin 
iuiH to ho Imlanood hy tho total longitudinal 
stress equal to Tciltf,,. 


radius r, and subtending an angle (10 at the 
centre. 

Let p and q ho the hoop and tho radial 1 ensile 
.stresses. For tho equilibrium of tho element 
wo Imvo 

pdO . dr:--(<•/ + dq){r -|- dr)dO -q.rdO, 

u. r='%+ ■ ■ ■ m 

I Vo liavo now to make some assumptions, 
and firstly wo shall assume that (llano oross- 
Hontions perpondiciilar in the axis remain 
|ilitno. 'I’hi.s must lie the ease in long cylinders, 
except near the ends. Secondly, we will 
assume that Micro is no longitudinal stress. 
We liavo then the fact that tho axial strain 
must he constant, i.c. 

/I. —constant 
Ml l<i »lJ!i 

.or p-\q^2A, . . . (2) 

wlieVo A isaooiiHtant for the particular cylinder. 
From (1) and (2) wo got 



rjj -! 2tf = 2A, 


Tho name inothod gives for the stress (/) 
in a thin sphenoid shell, due to an internal 
pressure, / pilJAl, where d iH tho diameter 
and I tho thiekuess. St<*iuii hoilnrs are usually 
designed hy menus ef llioso formulae, duo 
allowance being made for riveted joints. 

In the eaiio of the cylindrical shell, in wldoli 
(lie pressure mi the ends is carried hy the 
cylindrical body, wo see Mint the material at 
every point is subjected to throe principal 
stresses /,, /,,, /.,, tlm third stress being radial 
in direeiion. On the inside this stress must 
obviously lie equal to p, the internal pressure, 
and on the outside it must lie zoro. Since, 
in general, p will ho small compared with 
/, and / y , hy neglecting the radial stress 
altogether we are only making an error of 
the same order as wo make hy assuming /i 
and /a uniform throughout the thickness. 

The greatest shearing stress, which is equal 
to one-hall! the dilferencre of the greatest and 
least principal stresses, will he equal to fj 2 
In this ease we shall obtain the same result 
whether we design for 
tlie greatest principal 
stress, or whotlior wo 
design for (ho greatest 
shear stress. 

§ (,*12} Thick Ovr.iN- 
mow.—When tho thick- 
noss is not small com¬ 
pared with tho radius, 
tho variation of stresses 
Fio. r>r>, with tho radius must. 

ho allowed for, C<in¬ 
sider a small olomonl of unit length parallel 
In the axis of lho cylinder situated at a 



or 



7 - A i 


11 


whom If is anoUier constant. 
And from (2) we got 

. B 

l ,: A - ,, 3 - 


Tho oi mutants A and 11 are detorinineil hy 
tho fact that q-> ~p,, the internal pressure, 
for r=r,, and q-o whon r~r a . Substituting 
tho values of A find U obtained for theso 
conditions, wo got 


JV-MraV/r 8 ; 

1 ,; 0 i - 




and 




8 -r,». r 


It is obvious that q is negative ovorywhoro, 
and therefore p and q are tho greatest find 
least principal stresses 

Tho groatest shearing stross 


r *)• 3 

_..J* ' l 
• r a (r 3 a — r, s ) 

This is a maximum when r is least, ?.<?. at tho 
insido ef the cylinder. 

Assuming tho oritorion of elastio breakdown 
is that tho maximum shearing stress must not 
oxceod a certain amount/, say, thou 

J (f s 8 -r, a )' 

It is interesting to note that for a givon 
value of / Micro is a limiting pressure for which 
a Himplo cylinder can bo designed. This is 

3 il 


vor.. i 
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given Eiy milking r, <141 in I to infinity, which 
makes p l equal (0 / 

If it in desired to limitn a tubs; for an intornal 
pressure greater than/, the method of shrinking 
on onii tubo i»vor another, or winding the tube 
with wirn tinder tension, is employed. By 
both these iiinnnH tho inside portions of tho 
tnlio nra initially thrown into a stale of stress 
of (ho opposite kind from Unit produced by 
tho intornal prossuru. Space will not permit 
of the; detailed onloiiliilioiiH required in these 
nuitliods uf uoimbriielioii. ,r, w. 1 ,. 

HTimimmiiH, Htuknutic ok, dismissed by the 
Method of UiinansLons. Seo “ .Dynamical 
Similarity, The Principles of,’’ fj {40). 
Htuuth, Eon mih.au for Htiiknutii ok. Roe 
“ (Structures, Strength of,” 5j§ (lfi)-(L 8 ). 
SmrrioN Tunes. See “ Ilydrauliiw,” TIL 

Sin.ell mi, Ihiii.iNH-KWNT ok; 

i>eterinine<l ainee IHilO by a gas-tliormo- 
meter and tabulated, Son “ Toinpora- 
ture, Realisation of Absoltilo Seale of,” 
$ (III), Table il ; “ Resistance Thermo¬ 
meters,” § (II). 

Used as third fixed point fur defining tlio 
teinjieratuve sealo between -40° and 


+ 500° 0. and therefore studied ex¬ 
haustively. See “ Resistance Thermo¬ 
meters,” § (15). 

Suetiiur, Va in ation with Pressure ok tub 
Boii.inu-voint of. See “ Resistance Ther¬ 
mometers,” § (5). 

Sunririm Boieino-votnt Akrauatus, specifi¬ 
cations of, ]iroposed by Mueller and Burgess, 
to assist in obtaining standard practice in 
resistance thermometer calibration. Seo 
“ Resistance Thermometers,” § (1G). 

StiERinm Dioxide, Latent Heat of Vahok- 
JSATtON ok, determined by Mathias. See 
“ Latont Float,” § ( 8 ). 

Sukers ATtiiiATiON ok a Vapour. See 
“ TIiorinodynamicH," § (89). 

SmiFAOE Tension, Akkuoation of Dvnajuoao 
Similarity to. See “ Dynamical Similarity, 
The Principles of,” § ( 11 ), 

Suiifaoe Tension of Curved Surfaces, 
Effect on Condensation and Enuu.moN. 
Seu “ Thermodynamics," § (54). 

SuitaK Tank. See “ Hydraulics,” § (4G) (viii.). 

SUHKBN8ION Bumoisa. Sco “Structures, 
Strongth of,” § (28), 

Swiss State Railway Dynamometer Car. 
Sco “Dynamometers,” § (5) (vli.). 


— '! 

TaoiiEometeus. Seo " Motors,” §|} (l) to (12), 
Vol. III. 

Gontrifugal I’uinp mill Pressure Gauge 
Pattern. $ (.5). 

Kloiitrieiil : iMngnotn goiiorator typo. § (8). 

Magneto (lenemtor. $ (8). 

Methods of Gnlibmfcion of. !j (13). 

Kohomiimco fimlniiiieiil.M. § (II). 

Tandem IIoiiizontai, Gan - enoini:. Seo 

" Kitgiiies, Intornal (.'umbustion,” § (8). 

Tbmkkhatruh : 

Absolute Coiwtant-piVHSiH'o Scabs of : de¬ 
fined by the relation T' ~ l00»'/(t>, nu •• (>„), 
where « in the volume of a given mass of 
gas at given pressure at tompornbinu ’I”, 

0 ,,io and e 0 tins volumes of the hiviuo iiiiihh 
at tins same ]iritHsim> at the “ steam- 
point ” and “ ico-pomfc" respootivcly. 
Reo “TnmjKimture, Realisation of Abso¬ 
lute Scale of," § (II). 

Almoin (41 CJoiwtimt- vol lime Scale of: defined 
by the relation T - -10B ?»/(?>,,,„ -jj 0 ), where)) 
is tins pressure of a given muss of gas in a 
given volume at lomperaluroT, iuulp 0 
U 10 pressures of the same mans in the same 
volume at tins " steam-pilint ” and “Ice- 
puint ” respectively. Seo 11 Temperature, 

. Realisation of Absolute Scale of,” § (10). 


Absolute Gas Seale of, on which tlio 
tomporafcuro T is defined by tlio relation 
T-pi'/R. See “ Temperature, Realisation 
of Absoluto Soalo of,” § (9); “ Thermo¬ 
dynamics,’’ $§ (4), (22). 

Absolute or Kelvin Thormodynamio Sealo 
of: ilofiiiod gonernlly by the equation 
T,/T„-Q,/Q 2> where Q.,, Q a aro tlio 
quantities of heat absorbed and boat 
rejected respectively at tomporatiires T, 
and T a by a perfectly reversible oiigiuo 
working through a Carnot’s cycle con¬ 
sisting of two isothermals at temperatures 
T, and T a and two mliabatics. Seo 
‘‘Thermodynamics,” §§ (21), (22); “Tom- 
poraturo, Practical Scale of.” Defined 
also by tlio two fixed and reproducible 
tomporaluroH of: (l) Tlio ono-component 
system, water. Pressure: otio standard 
atmosphere. Phases in equilibrium : 
liquid and crystalline. (2) Tlio ono- 
aompoiumt system, water. Pressure;: 
ono staiulard atmosphere. Phases in 
equilibrium; liquid and vapour. 'J'bo 
difference between the “ ice-point ” and 
the “ steam-point,” tho temperatures of 
( 1 ) and ( 2 ) respcotivoly, is oalled 100 °. 
Seo “Temperatviro, Realisation of Abso¬ 
lute Sealo of,” § (3). 



TEMPERATURE, PRACTICAL SCALE OF 8fto 


Centigrade Gan Seales of: scales derived 
from tint absolute gas scales of tem¬ 
perature in the interest of ox peri mental 
precision and conveniences, since tho 
ico - point has an imlepcndent value 
oil each olio of the absolute gas scales. 
The centigrade scales are defined hy tho 
relation / „ = T - '.I 1 ,, or =T' - T n ', thus 
making tins ioo-poinfc 0 ° hy delinition. 
Sec “ Tempomturo, .Realisation of Abso¬ 
lute Scale of,” § (12); “ Thermodynamics,” 
§ (■!). 

Centigrade Thermodynamic Soalo of, ex¬ 
perimental realisation of. Sco “ Tem¬ 
perature, Realisation of Ahsoiuto Scale 
of,” §(•!). 

Coollicii'iit. Tho ratio of the change per 
unit of any physical quantity (o the 
change or temperature to which it is duo, 
Thus eoollicient of linear expansion 
increase in length per unit length per 
degree. 

Cylinders, Pistons, and Valves, in Inter¬ 
nal Combustion Engines. See “ Engines, 
Thermodynamics of InternalCombustion,” 
«j§ (50) and ((H)). 

Entropy Diagrams for Internal Combustion 
Engines. See “ Engine, Thermodynamics 
of Internal Combustion,” jjij (II) and 
(5)8); "Thermodynamics," $ (24). 

Errors in Measurement, of tlm Mechanical 
Equivalent. Ken " Heat, Mechanical 
Equivalent of,” § (II). 

Filament, Determination of, by the Colour 
Match Method in pyromotry. .See “ Pym- 
motry, Optical,” $ (25). 

(las (Seales of, Comparison of tho Different, 
for ranges 0 ” to 100 °, - 27IP to 0 ”, 100 ° to 
fiOO", and above 500". See " Tempera¬ 
ture, Realisation of Absolute Scale of,” 

§§ (ID), (20). 

Uus Seales of, Difforenees from Centigrade 
Thermodynamic Seale. See ibid. § (20). 

Ohs Seales of, in Common Use. See ibid. 
§< 1 »). 

Hydrogen Soalo of. See "Temperature, 
.Practical Soule of," (a). 

Introduced as a dimension in the discussion, 
by the method of dynamical similarity, of 
properties of bodies which depend on 
temperature. See “ Dynamical Similarity, 
Tho Principles of,” jj (27). 

Measurement for Strength Tests. See 
“ Elastic Constants, Determination of,” 

§ (115). 

Measurement of, in Industrial Work, by 
thermocouples equipped with moving-ooil 
indicators, forming instruments identical 
in construction with millivolt-motors. See 
" Thermocouples,” § (7). 

Measurement of, in terms of Total Intrinsic 
’Brilliancy. Sco “Pyromotry, Optical,” 
§ ( 28 ). 


Measurement of, in Thermal Conductivity 
Determinations. .See “ Heat, Conduction 

of,” §( 0 ) (»•)■ 

Seales of, tabulated. Sco “ Temperature, 
Realisation of Absolute Soalo of," § (14), 
Tablo 1. 

TEMPERATURE, PRACTICAL SCALE OF 

Puaotioai.i.y all measurements in heat, involve 
a knowledge of temperature, mid to that end 
tho precise scale of temperature is of the first 
importance. 

In 1 ho early part of the year 1014 an attempt 
was made to arrive at iulernationnl agreement 
as to the adoption of a slam bud or funda¬ 
mental tcniporaluro scale by tho llireo national 
standardising laboratories—viz. the National 
Physical Laboratory, the Bureau of Standards, 
Washington, and the Reich Manshift. The out¬ 
break of war prevented formal acceptance of 
tho Ccntigraclo Thermodynamic; Senlo as the 
11 international ” urate of lent pern hire. This 
senlo has been adopted in tho meantime at tin; 
National Physical Laboratory. 

Lord Kelvin showed long ago the theoretical 
advantages of the thermodynamic, (or absolute) 
scale, and also that a perfect gas (**.<?, emu which 
obeys Boyle’s law and sulTers no temperature 
change when subjected to free expansion with 
no external work) would give n scale identical 
with tbelbcrnniclynnmii!, The practical advan¬ 
tage of the thermodynamic smile is flint- the 
high-temperature scale evaluated on the basis 
of the laws of radiation is consistent with that of 
the gas-thermometer at lower leinpmturos. 

To prnmnto the general use of the mime 
temperature scale in Imlh scientilio mid in¬ 
dustrial cirolos, the following nllonmUvo 
methods have been agreed to ns a means of 
attaining a “ Practical Scale" of temperature 
which approximates to the thcrinodynninio 
scale. A statement of Ilia oxuot relationship 
between the two sonlcs is deferred until a 
Hiiflieient degree of aoneordunco has been 
reached in tho monmiremonl.H. There is, how¬ 
ever, every reason to believe that t-ho Practical 
Scale ovor the range 0“ (J. to L(K) a 0. ngrocs 
within tho limits of experimental error with 
the hydrogen scale of the International Bureau 
of Weights and Measures. 

(а) The Hydrogen Scale. —In tho interval 
bolwoon 0° O. and 100" O. the Practical Senlo 
is realised with tho exactness required for 
work of tiie highest precision in tho soalo of 
tho constant-voluino hydrogen thermometer, 
having for fixed points tho tempomturo of pure 
ice melting under normal atmospheric pressure) 

’ ( 0 ° (!.) nnd that of tho vapour of distilled water 
in ebullition under normal atmospheric press uro 
(100° (!.). 

(б) The Platinum - resistance Thcrtncnnclcr 
Scale. —In tho interval between tho freezing- 
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point t>T nioroui-y mid the; boiling-point of 
Hulphur the l’nict-tefii Scale is realised with 
Hkiliicionfc o.vnetnesa liy the platinum-resistance 
llu.'mumiotor standardised at the temperatures 
of melting ion {<*“ C.), of tlio vapour of water 
boiling under normal atmospheric pressure 
( 100 ° ( ).), mid of tlio vapour of sulphur boil¬ 
ing unilor normal alinusphcrio pressure in a 
spneilied form of apparatus and under specified 
conditions. The temperature of tlio vapour 
undor those conditions is to bo taken as 444°-f>0. 
Tlio lempornturo l on tiio International Scale 
is deduced from the resistance of tlio platinum 
thermometer by tlio formula 

/ - == S [ * - j4] - m - KW)! 0 ’ 

whore :=lfll) x (R-tt„)/(H 10 l ,-K< 0 ), and It, 
Jt 0 , and lt, no nro tile olisnrved resistances of 
tlio tlionuomotor ut tempemturcs t°, 0 °, and 
101)° roHpuolivoly. The plivUnum of which 
tlio thermometer is made shall ho of such a 
dogma of purity that the valuo of 5 in this 
cijimliim shall not lie greater than 1-152, and 
Hinn/li-n shall not lie Joss than 1*38(1. 

The imiliug-point of sulphur l, at pressure p 
inillimetros is not mooted with that nt standard 
pressure, 7(10 millimetres, by the formula 

i-i.r<r. i o oiioso* - 7uo)- ooixm7(r> - 7(t»)\ 


A similar pmotiwil scalo has been adopted 
by l.im Bureau of Stand aids, Washington, and 
the UoioliHuiiHlivlt. 

(ft) V'/ift .Fixed Point Stole. —The Practical 
Sonin ia also realised with suffloiont exactness 
lty tlio uho of the following fixed points, in 
addition to tlio three fundamental points above 

Hiieoilled: 

Ta>iii|H-rnliirfi on tlioContl- 
Klniln Tliri'iniiilyiinlilla SimUi. 


Illlllllll(-)ll)lnt of 
Oxyjtmi . 

]|l»|]lll{{-|K>fllt of 
('ail mu 11 lux bin 

Friinzliiji-iinliit of 
Merr.iny . 

Trun ulininn Mon 
iKilntiil'duilhjin 
Hiiliilmls 

Ibiillnil-polMli nl' 
Nii|i1iMiiiIciim . 

Itclllii|{-iiril«l. of 
llin>/u]i1imicmo 
((nm>) 


-IH2M»b -F-0’-012.TH (p-7H0) 
-OMlO0W»7(l(j>-70ll)» 

-VH’-fi l-O’-OlfiOr, (p-7<10) 
-(njoui)ui(fj-7flo) a 

- iiir.ss 


W-U* -f-rr or.K</>-700) 

!t06*l» f fr-000(p- 700) 


Molting or Crooning point of- 


Antimony . . . . .. (580* 

Silver <ln a mincing nl-maspliem) . mil 
Gobi . . • ■ i - • 1008° 

Cupper (in a redlining atimiaplinro) . 10K8 


Fixed points of the second order arc pro¬ 
vided by Urn molting or freezing points of— 


Tin . 

Cmlmlum . 
glue . 

CiiHinifiii Matt (pure) 
Aoomding to tlio 


, . , 2!ir-8, 

. . . H20"ll 

. n‘j n -4 

. . . 801" 

ofllcial notice of tlio 


lte.ichsanslalt-Ze.its ., l>islru»tentenL,li)lC),xxxvi, 
20, B lofl /lto must not be less than 1-388 and 3 
must not be greater than 1-52 when the boiling- 
point of sulphur is takon as 

4 (4.5H-0-000S(p ~ 7('0) - OOQOOl7(2> - 7fi0)% 
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I. Temperature Soat.es 
§ (1) Definition of Temperature. — Not¬ 
withstanding the fact that temperature is 
ono of the oldest and most, familiar concepts 
of physics, it is only within comparatively 
recent times that this concept has been 
subjected to caroful analysis and definition. 
Kelvin and others have shown 2 how tom- 
peraturo may bo defined in terms of the 
availability of energy, and the definition 
niado wholly independent of any proporty of 
any substance. 

This definition may bo put in tlio form 

0 i_Qi, 

0 a ~Q7 


in which 0 , and 0 3 uro two different tempera¬ 
tures between which an ideal engino hns 
operated (ns, for example, with a Carnot cycle) 
in converting the quantity of heat Q t -Q a into 
mechanical work. 

§ (2) Measurement of Temperature- 
m.minitVDKS. —It Jins been suggested (Ill) 
that tho expression 



whoro 0 is tomporaturc and r/S is the 
infinitesimal change in entropy 3 corresponding 
to tho absorption of tlio heat energy (IQ in a 
reversible process, bo niado to define tempera- 
111 ro as a thrived or soeondary quantity, in 
terms of energy and entropy ns tho fundn- 
mental concepts. The usual method, how- 
ovor, and tho ono wo shall follow hero, is 
to consider entropy ns a derived quantity, 
and tomporaturo as one of tho fundamental 
oonoepts. 

Tomporaturo differs from energy, length, 
mass, etc., in boing an “ intensive ” magnitudo, 
whorcas energy, length, and mass aro “ exton 
sivo ” nmgnitiules, i.e.. are additivo. To put 
our onorgy-dofinition of tomporaturo into 
usablo form, therefore, it boeomes necessary 
to associate it with a continuous cnorgy-olmiigo 
in some form of matter when that form of 
matter is subjected to change of temperature 
from ono arbitrary standard valuo to another 


1 Tlio nrnlilc numbers in parenthesis In the text 
refer to tlio Bibliography at the end of tlio article. 

1 For full discussion see tlio article on "Thermo¬ 
dynamics." „ 

3 For a definition and discussion of entropy see 
” Thermodynamics," 8 (24). 
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lul >ili-nry ultimint'd value. The measurement 
IM Unti i nil noticed by the form of matter chosen. 
r t S (■!> Adoption of Numiciucal Unit. Thk 
••-'■it-iitMom'NAMif! StiALK.—The first problem 
,H Hu* finding of Hlnmlttnl reproducible tcni- 
l' (l|, utui-(!H for adoption as standard values. 
^ (ixml and reproducible temperature is 
c Ldi. rin j lu ,(| only if we liavo equilibrium 1 
!1 ,i 'oii <5 «. - 1-2 phases in a system of n 

t!,)| n fioiionls; or among h-i- l phases if the 
priSHHu i:o is fixed ; or among n phases if 
(ho |jj-c.>HHiirn and one concentration arc fixed, 
*d'!. ..Kroin tho immense number of snch 
bio nystoms, each having a fixed lempem- 
f"io. Id loro have been selected, by common 
<n>iiH<.|, t, two systems for use in the definition 
<>f tins unit of temperature; they are as 
L*lh»\v» : 

(L) ll.'lio one - component system, water. 
1’renMn in j 1 standard atmosphere. Phases 
iti ih| xiililirium : liquid and erystalline. 

(ii.) Tim one - component system, water, 
VreHmiro • I standard atmosphere. Phases in 
equilibrium : liquid and vapour. 

Tho fixed temperature of system (i.) is 
UHimlly called “the ice-point,” and that of 
Hynloin (ii.) “ the steam-point.” 

Tho iliffumiec between tho tomporatures 
(i.) mi(l (ii,) is, by general agreement, culled 
lOO”, hikI the nmgnitnde of a degree of 
t-i'iinpivi-jiUiro is thereby dolmed. 

I t nliould he noted at this point Unit the 
mliiLmry nssignment of any number, such as 
0”, l.o lumperature (i.) is not within the scope 
of (-ho (lolinifion, The temperature, of point 
(t.) in il “ constant of nature" to he experiment¬ 
ally (iotm'iniued. If this temperature ho called 
0 Qt tlitm the lompomturo (ii.) is /;„-)• 100. 

Thin Heale'of tompumturo may ho called tho 
ahmtlitlo thermodynamic scalc, or tho Kelvin 
thermodynamic .scale. Tomperuturos expressed 
in ImuiiH of this scale are frequently indicated 
]»y tlm letter K. or tho abbreviation Abs. 
lrolngittls nso a. 

ij {■!) Ext’KIUMION'I'AI i Ukaf,ihation. Thk 
ChN'I'H I UAltl 1 ! Tiiioumopvnamki Suat.k.—I iav- 
iii| 4 ; our concept of ft soalo of tomiioraturo Unis 
HiitiHfiKitorily defined in terms of tho laws of 
ouor#y, and our unit of measurement doflned 
by tho adoption of tho melting- mid boiling- 
jmint-H of water ut ntmosphorio pressure «s 
ui'liitnuy stuudard temperatures differing by 
1(10” (but without numerical values), wo are 
taco to lace with tho fundamental practical 
problom of tho experimental realisation of tho 
huiiUj. This problom ovidontly consists in 
ilottxi'initiiug (i.) tho vnluo of tho tomporatiuo 
O 0 ; (ii.) tho variation with tomporaturo of 

Home property of some mibstanco or objeot 
wliitfli may thon bo adopted as a working 
nttm cl cirri. 

Tho clotorminalion of tho numorical vaiuo 
5 a eo artlclo on "1‘linso Itnlo," Vol. IV. 
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of is a matter of some experimental difli- 
culty. Fortunately, the progress of exact 
thermometry need not wait for this determina¬ 
tion, for wo can define another scale thus*': 
lo=t>-O a . 

This derived scale is called the centigrade 
thermodynamic scale. Temperatures thereon 
arc indicated 2 hy the letter 0. The ice- 
point becomes on this scale exactly 0 by 
definition. 

Tho experimental determination of the true 
value of 0 # will be considered elsewhere. 

The second part of our experimental prob¬ 
lem, as has been said, consists in select ing a 
particular property of a particular substance 
or object as a working standard, and determin¬ 
ing tho variation of that property with 
temperature. Logically, it makes no differ¬ 
ence what property or what substance is 
studied, provided the quantities of energy 
involved are dotorminuble. 

§ (») Thk Ideal Gas-thbkmometkk. —Prac¬ 
tically, however, the substanco elioscn has 
been, almost of necessity, one of the so-called 
“ permanent gases,” and the property chosen 
lms been either tho pressure or the specific 
volume of the gas, The experimental appa¬ 
ratus for measuring this pressure or specific 
volume constitute what is generally known as 
tho “ gas-thermometer.” 

The reason why wo turn to these particular 
substances and properties is found in tho 
simple relation which holds very nearly between 
tho pressure, speeifio volume, and temperature 
of a “ permanent ” gas when tho temperature 
is that already doflned (Kelvin scalo). This 
relation is expressed in tho equation 

pv = kO, 

in which j) is pressure ; v, speeifio volume; 
0, tomporaturo; and k a constant. An 
" ideal gas ” may bo defined, for thermoniotrio 
purposes (lf»), as one which obeys this law at 
all values of p, v, and 0, 

It is important at this point to recall that 
our initial measurements with the gas-thormo- 
inotor tell us nothing about whether tho gas 
in question obeys the law pv=kO or not. 
Only measurements of tho energy-relations of 
tho gas can give us that information. But 
since such measurements involve the measure- 
. mont of temperature, it is evident that the 
realisation of the temperature scale is logic¬ 
ally a process of successive approximations. 
Practically, the first approximation is suffi- 
oiont, so nearly do the gases commonly used 
in gns-thermomoters conform to tho “ ideal ” 
behaviour expressed in the law pv=kO. 

» As ordinarily employed (lie letter 0 may Indicate 
almost any 3cale — mercurial, normal hydrogen, 
constant-pressure nitrogen, etc.—which approxi¬ 
mates to ttio centigrade thermodynamic scnlo. Its 
current uso is not us precise as It should uc. 
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§ (0) Tin: “ Idkal-oas ” Thkhmoaiktbu. 

Lot us suppose that a series of energy niul 
pressure measurements have enabled us to 
find a gas which, within our working range 
and within the limits of neeurnoy of our 
observations, eon forms exactly to the relation 
This gas may then ho used, within 
that working range, as the standard substance 
of our fundamental thermometer, and we shall 
have what may ho called an “ ideal-gas 
thermometer.” 

i; ( 7 ) the “Pebkect” Gab-thkkmometiok. 

_Lot us suppose, on the other hand, that no 

ideal gas lias boon found as the result of onr 
scries of approximations, but that wo have 
succeeded in determining, within our working 
rnngo, all the deviations of erne particular gas 
from the relation p» = W. This gas may then 
he used, within this range, as the standard 
suhstaneo to define the temperature scale, and 
our pressure or specific-volume measuring 
apparatus together with a table of thoso 
pressure or volume deviations will constitute 
what may ho called a “ porfeot gas-thermo¬ 
meter.” 

§ (8) Tub Acituai. Gab-'I'iiekmombteu.— 
Historically, neither of the abovo-montioned 
thermometers him been available at any 
given ora in a form possessing tho desired 
precision. Either tho margin of error within 
which a gas could ho considered “ ideal 
was too largo, or tho margin of possible error 
in dofining a tomporaluro with onr imaginary 
“ povfcel gas-thormomoler ” was too largo, to 
he in accord with tho known precision of 
various scciflidary thermometers. 

Jt lias been found expedient, therefore, not 
' only to inako tho first compromise, already 
mentioned, of Adopting a “ centigrade tliermo- 
dynamic scale " (with ieo-jmint at. 0 °) m place 
of the “Kelvin thermodynamie scale, but 
also to make a second compromise with 
experimental expediency, and miejlne tempera- 
lure, in terms of an arbitrarily selected property 
of somo arbitrarily selected gas at an arbitrarily 
selected initial pressure. This compromise is 
tho morn satisfactory the nearer thc^gas in 
question comes to being an “ ideal gas.” 

This compromise, it may bo noted, is of 
exactly tho same character as those made in 
dofining any working standard or unit (for 
instance, the electrical units) whom experi¬ 
mental precision is tho primary consideration . 
and logical theoretical exactness is made 
secondary. 

§ (0) Tun Aiinoi,ute C! as 8 oat.es.—A ccord¬ 
ingly, wo will deline a. now temperature, T, by 
means of tho relation 

pv = k n T, i.e, T-|f- 

It is obvious that this definition, unlike thoso 
that huvo preceded, Involves three further 


choices, necessarily arbitrary in character 
and dictated by expediency or experience: 
(i.) what gas shall be used ; (ii.) whether p or v 
shall 1)0 tho variable; (iii.) what shall be the 
initial value of p. Evidently we may have 
several times as many scales as wo have 
gases. 

Certain further assumptions arc necessary 
to give numerical values to any one of thoso 
scales; in other words, it is necessary to 
assign a vuluo to //. As before (see § (3)), 
the temperature interval between the ieo-poiut 
and Lite steam-point will ho called 100°. This 
will bo adopted for all of the gas scales. 

§(10) An.sot.UTi-: Constant-voi.ume Scale. 
—Let a certain gas bo selected, at an initial 
pressure (i.e. pressure at the ice-point) repre¬ 
sented by p n , and let pressure, be tho property 
tt> be measured. 

l^t p , 00 represent tho pressure of the fiftino 
mass of tho gas in the same volume at tho 
steam-point. Let p represent its pressure in 
the same volume, at any other temperature T. 
Call the ice-point and steam-point on tho now 
Bcnlo T n ami T 10U respectively. 

Thou, by tho dollnitions above, v and k 
being constant, 


whonco 


T v , r J' V 

and sk--•== -•-> . 
J o Vo 1 ioo 7hoo 


l " {Lm lo Voo -?>o Vm-Vo 

Another similar “ eonstant-volmne ” sealo 
may be (lollned with the same gas, lmt at sm.no 
other initial pressure. Still other similar scales 
may ho obtained by substituting other gases. 

Tho scales so deiinod are called, according to 
the gas used and according to iI s ini tial pressure: 

Absolute constant-volume hydrogen scale 
at initial pressure a’. 

Absolute constant-volume nitrogen sealo at 
initial pressure 

Absolute constant-volume air sealo at initial 
pressure x. Eto., etc. 

§ (11) AjWOTjUTE CoNH-l'ANT.rUESSUllESOAf.U. 
—Again, let a certain gas be selected, at an 
initial pressure (at the ice-point) of y)„, lmt 
let speeijin volume ho taken as tho variable 
property to ho moasured. 

Let j) J0D represent the speeilie volume of the 
gas at tho steam-point. Lot v represent Us 
speeilie volume at any oilier temperature T', 
Call tho ice-point and tho steam-point on tho 
now scale T 0 ' and T 100 ' respectively. 

Then, by tho definitions, p and tc' being 
constant, 

T v , T v 

, —mid rp—7 =: * 

l-o v o moo ^lon 

whence 

v 100 a 

T'“(Tio° - Io ) Vm .Z v ~ v^-Vq 








ttimilur 
‘hdinod 

pi ij.sam-o, or with other gases. 

FIiihsij scales are called, according to the 
gita used and according to its pressure : 

Absolute const,aiit.-prosHino hydrogen scale 
ol, ]>]‘(.*HMuro ;r. 

Absolute constant-pressure nitrogen scale 
ut. pi'osHurn .r. 

Ahsoluto eonsliuit-presHurc air sealo at 
pressure ;is. Etc., etc. 

■It will ho observed that the value of T c 
('»!' 'I',/) is not, I,lie same on any two of these 
hc sales, luting dejiendent on the properties of 
tbo /ri ls . On one of the constant-volume 
sujiIoh, for instance, the value of T 0 is given 
by U )■<>/>„/(•/>, nn ;* 0 ) J while on n constant- 
| >r<!HSn re scale the value of T 0 ' is lOOi> 0 /(a Ion ~ r 0 ). 
Tho value of T 0 {or T„') does not depart hy 
morn than 1", in most cases, from 2711°. 

§ (12) 'I'n u Obntiouaih-: (Jam Soai.ks.— A 
Hiili-cMiinpromiHO similar to that in paragraph 
(4) in now in order, again in the interest of ox- 
pni'inuMifal precision ami eonvenicnce, since, 
art wo have just seen, T n (or T 0 '), tho ice- 
|j< »in t-, lias an independent value on each one 
of tlio absolute gas scales. This compromise 
oonslHtH in defining a derived scale by tho 
rolntii m 

l„ -~~T ~T (I or T'~T 0 ', 

llnm making the ice-point 0" hy definition. 

Tho scales so delined are called, according 
to (1) the variable, (2) tho gas, and (II) the 
initial pressure: 

(.'cmtigmde couslant-volnme hydrogen sealo 
at initial pressure x. 

( ,'im i tigrade eoustuiit-iirossuro hydrogen sealo 
nt iirossure x. 

Ootilignule eonstant-volume nitrogen sealo 
at initial pressure a. 

(!ou tigrade couHtant-pressmo air sealo ut 
proannre x. Etc., etc. 

Those scales differ among themselves by 
nmonnts which are never of importance 
imluHli'ially, hut wliieli are approximately 
(lotonniimiilu and of considerable significance 
in I'xnnt seieiitilio work, us wo shall soo lator. 

g (id) (1 AS SlIAI.KH IN COMMON USH.—-L'llO 
Htii.li) of international agreement on tompom- 
turo Hcales is not so far advanced as is 
agree meat on standards of length, olcolricnl 
«pi an titles, ete. A oonforenee botwoou ropre- 
non In Idvos of various national standardising 
liibomlories, to draft an international ftgreo- 
iiiout oil temperature scales, had been called 
for Bo]dumber HIM, but was provontcil by tho 
ontlmmk of war. 1 

Tho only officially rocognisod international 
Mottle is the centigrade amlanl-oolume hydrogen 
nettle cd nn initial pressure of 1000 mm. mercury, 
1 Meo " Tomiiurnturo, Tract leal Mentis of.” 


adopted hy the International Committee on 
Weights and Measures on October In, 1887, 
and known as the “ normal hydrogen scale ” 
(eclteUe thermometrique nor male). 

At temperatures below O' 1 the normal 
hydrogen scale anil the centigrade constant- 
volume helium scale at initial pressure of 1000 
mm. have been most used. For very low 
temperatures it becomes necessary to use a 
constant-volume helium scale at a much lower 
initial pressure. For temperatures above 100° 
the scale which has licen in widest use is 
tho constant-volume nitrogen scale at an initial 
pressure of about GOO mm. mercury. 

§ (14) I .N TKUC’OM P A It IS ON OFTHeGaS SCA1.ES. 
—There arc two ways of comparing the 
different gas scales with each other, and 
determining the corrections to he used in 
translating experimental data from one scale 
to another. 

One way would be to put tlio two gas- 
thormometers side by side into a thermostat 
at uniform temperature and compare their 
readings, setting the thermostat at various 
temperatures. Suppose a constant - volume 
hydrogen thermometer at initial pressure 
1000 mm. placed in a thermostat side hy sido 
with a constant-volume nitrogen thermometer 
at initial pressure »00 min. The pressures 
might read, say 11811-132 mill, and nfii-70(5 mm. 
respectively. Tho temperature of the thermo¬ 
stat is therefore delined by tho (but thermo¬ 
meter as o0 00l2° and by the second as 
fi00027°. Tho correction for translating data 
from tho first scale to the second would lie, 
Ihoroforo, -fO'OOlf) 0 at 50°. 

This method of direct comparison has heon 
used more frequently at temperatures bolow 
0 ° than at temperatures above 0°. 

Tho second method is indirect. It consists 
in determining the departure of eacli gas, 
undor tho given conditions, from tho ideal gas 
relation pv = k0. It is obvious that from such 
a sot of data tho differences between the 
uoiitigmdc-tliormodynnniio temperature of the 
thermostat, to, find its various centigrade 
gas-aoalo temperatures, » ( lOOO* l u, v, 7(10- 
l n i> G 00 ’ Gtc, » cou f ( l readily ho tabulated, 
and tho difference between any two of the 
gas scales could bo found by subtraction of 
their centigrade thermodynamic corrections. 

This is tho method of comparison upon 
whioli dependence is now very generally 
placed, but tho data thus far published arc in 
many cases unduly divergent, and afford little 
ground for confidence that a final solution is 
within roach until considerably more experi¬ 
mental work has been done. 

Intercomparison of tho gas scales will bo 
moro fully considered in Part III. £ (17). 

For convenience of reference there is added, 
in Table 1, ft list of the more commonly used 
' soales. 
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“ constant-pressure ” scales may bo 
with the same gas at some other 
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IJ. Forms of 0ah-t i iion momf.ti:h 
§ (Li) Wo have hdoii that either pressure or 
specific volume of it given gas may bo taken 
as bho properly to bo used ill defining n 
lempomluro onale. Threo limiting forms of 
iJio gns-tiioi-rnomoter for carrying out such 
ruouHureincMits may be distinguished, depending 
uimii which of Lite three quantities—mass, 
volume, pressure — is permitted to vary. 
These forms arc: 

(i.) This thermometer with fixed mass of gas, 
lixocl volume, and variable pressure ; com¬ 
monly known as the “ constant-volume gas- 
then no motor. ” 


frequently called the “ dead space” or “ un- 
heated space.” 1 

The essential parts of a gas-thermometer of 
typo (ii.) are ; («) the bull); (b) the mano¬ 
meter; (c) the arrangements for measuring 
the amount of gas withdrawn from the bulb. 

Any actual gas-thermometer is to a certain 
degree a combination of two or more of the 
limiting types. The volume of tlio containing 
vessel is never constant with changing tem¬ 
perature, but varies on account of thermal 
and elastic expansion. The mass of gas 
which is at the temperature 0 is not always 
constant, for changing pres sure forces sonic 
of it into or out of the tube that connects the 


Ta nr, i; 1 


Kxamm.ks of Temi’hhatuuh Scalds 



Abbreviation. 

Symbol. 

Ice-point. 

Abuolulu thorinnilynamio scnlo or Kelvin thermo- \ 
dynamic Hdrihi ) 

IC 

0 

273-10 ±0.05* 

(.Vntlgrndo tlmniindynnmio scale .... 

O 

>0 

Of 

Absolute ooiiHlniit-volumo hydrogen soalo at initial) 
pressure 10110 mm. ) 

« • 

•*'n, 1000’ *11 ° r T 

273.03 ± 0-05 * 

Absolute oonalant-voliiino helium sonlo at initial \ 
presHiiro 1000 mm. / 

• • 

T .tc, toon or *’u«i 

273-11 ±0-03 * 

Almoin In wmstniit-pressure nitrogen scale at pressuro \ 
1001 ) mm. f 


* N, 100ft 

272-2*1 ±0.05* 

Absolute iionHiant-volmuo nitrogen scale at initial \ 
prcimuro (MX) imu. / 


'*’n. 00(1 or T n 

272'03 10-05* 

Centigrade nouBlnut-volume hydrogen scale nt initial \ 


*11, r. 1000’ *11 01 ‘ 1 


pressuro 1000 min., or “ normal hydrogen scale ” / 



ConllgmtluooiiBtant-vohimo nitrogen soalo at Initial) 


4 

Of 

pressuro 000 nun. / 



Centigrade aoivtlanL- pressuro nitrogen sunle nt\ 
pressure 1000 mm. / 


*N, ji.lOOO 

Of 

Centigrade eons In lit-volume helium scale at initial | 




pressure .1000 nun. (proposed " international | 

.. 

'lie, i-, moo or , IIU 

Of 

iioliiini made ”) ) 





* Nximrlincnlally dotorinJiieil. I defined. 


(ii.) Tin* thurmomotcr with fixed pressuro 
and fixed volunio, but vnriftblo mass of gas ; 
iioiiuuiHily known uh the “ nonstant-pressure 
|j[iiH-thornu>inoli)) , . v 

(iii.) Tim thorjiioniolor with fixed mass of 
gas, fixed pressure, anil variable volume. 

Tin; property measured in typo (i.) is 
IJio preiKUiro of th» gas; in typos (ii.) and 
(iii.) Tlio npocillu vulmno of the gas. As 
already monliunctl, slightly difloronb scales 
lOHUll from using the gas nt different initial 
pressures. 

For reasons of experimental oimvcnioneo 
type (iii.) has novor hewn used, because of 
l*]in (MflimiLty o£ mens tiring u variable volumo 
at loin pornlures considerably different from 
atiiiusplmiio. 

Tin* essential parts of n gns-thormcmioter of 
typo (3.) lire: («•) the containing vessel or 
** hull) ” ; ( f>) tile immomotorj (c) tlio tube 
connecting the bulb and the manometer, 


containing vessel with tlio manometer. The 
pressure is novor constant with changing 
temperature, on account of tlio necessity of 
adjustment, and must always bo measured 
to ascertain its deviations from constancy. 
All these variations, however, are of tlio nature 
of corrections seldom exceeding 1 per cent, 
ro that it remains true that any actual gns- 
tliorinomoter conforms fairly closely to one or 
other of the limiting types. 

§ (1(1) Uhlati v 13 Advantages of tub two 
l’niNCiPAr, Types. —If wo wore dealing with 
an idoal gas thero would lie no theoretical 
ad vantage iu any one of theso three limiting 
types of gns-thormonietor over the other two, 
and tlio olioico would become solely a matter of 
experimental convenience and precision. 

From this standpoint typo (i.), the “ con¬ 
stant-volume thermometer,” is generally ad¬ 
mitted to have the advantage, and lias been 
1 “ lSspaco imlslblc,’ “ scliiidHelier Hnum." 
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preferred by mostinvestigators. Its miuiipula- 
tion is simple, requiring no transfer of gas or 
measurement of tho amount transferred. 

In dealing with a gas which is not “ ideal ’’ 
wo have to consider not only experimental 
convenience and precision in tho gas-thermo- 
motor itself, hut tho state of the science ns 
regards the accuracy of our knowledge of tho 
deviations of the gas from the law pu=l’0, for 
our goal is first the centigrade thermodynamic 
scale and ultimately the Kelvin thermo¬ 
dynamic scale, and our compromise on the 
various centigrade gas scales for reasons of 
experimental precision is to be regarded as 
only a passing stage in thermomoti'ic progress. 
Prom this standpoint type (ii.), the “ constant- 
pressure thermometer,” has been shown by 
Buckingham (14) to have a slight advantage 
at the moment, for tho corrections necessary 
to translate readings on any of the constant* 
pressure gas scales into temperatures on tho 
centigrade thermodynamic scale are a littlo ' 
more accurately known than the corresponding 
corrections for the constant-volume scales. 

Ill, llAsro Exi'Khimkntai. Uhhui/i’s with 

(! AH-TIIHIIMOM OTKUS 

§ (17) Exi-icuimkntat. Kakukh.—I n dealing 
with the results of experimental investigation 
in gas thermometry it will frequently ho con¬ 
venient to rceognisc that the subject naturally 
divides itself, both historically and practically, 
according to tho kind and extent of experi¬ 
mental facilities and experience necessary to 
realise, di Heront portions of tho temperature 
scale. The most convenient range for experi¬ 
mental work is that from 0 ° to 100 ° 0 ,, and 
this range was the first to ho studied iu detail. 
From 0° downward a special kind of technique 
and ox parlance is required, while from 100 ° 
upward a rather different, hut again special, 
kind of technique and experience has had to 
he developed. The range above 1(X)° may 
again be divided, on similar grounds, into tho 
range UKF-BOO", within which most of the ordi¬ 
nary materials of construction are available for 
experimental work ; and the range above 500°, 
where available construction materials bogiti, 
ono by one, to fail as the temperature rises, 
either through oxidation, mechanical weak¬ 
ness, or actual fusion. 

§ (18) PllBSmiltl? AND VoiiUMM OOKFFIOIKNTS 
OF Gahks. —As wo have seen (§ (12)), tho 
centigrade gas scales aro defined in such a 
way that the temperature 0 ° is arbitrarily 
assigned to the ice-point uiulor ono atmosphere 
pressure, whence tho temperature 100 ° be¬ 
comes assigned to tho steam-point uiulor ono 
atmosphere, by virtue of tho definition of tho 
unit of measurement in § (3). 

Those two fixed temperatures therefore 
become fundamental reference points for any 
typo of gas thonnomoter, and all of its tompora- 


tore indications me based upon measurements 
of pressure or volumo at these two points. 

Wo hi wo seen that for each of the absolute 
constant-volume gas scales there is a value of 
T 0 , the ice-point, given by the relation 

rj. _ iOO po . 

° V ioo ~Va 

also that any other temperature, T, is defined 


and that tho corresponding centigrade tem pora- 
lure is deli nod by 

/ u --T — T u . 

Tlui constant (j > l00 ~ 2L )/ 1 — 1 / T o if i culled 

the “ pressuEO-cwoflicicnt" of the gas at the 
initial pressure stated, and .is usually repre¬ 
sented by the symlail fi. 

Correspondingly, for each of the absolute 
“ constant-pressure ” gas scales there is n 
valuo of 'Jy, the ieo-poiiil> given by tho re¬ 
lation 

in / 10O«b - 

-I II ---* 

also, liny other tnmpanituro, T', is defined by 



and the ciuiTspomling contigrnde temperature 
is defined by 

Ip — T' --'I 

Tho constant (r lon - v 0 )/l()(li’ 0 " l/'!' 0 ' is culled 
tho “ voUinic-micliicicnt ” of the gas at. the 
pressure stated, and is represented by the 
symbol a. 

Obviously, although it is necessnry in a given 
gns-lhorinomoter to measure ji„ or i> 0 , it is not 
necessary to measure with it (i or tt, since 
these are constants of tho gas and not of tho 
UiormoinotorA 

Measurements of fi and a for particular gases 
aro lUted in Tables 2 and 3. 

§(H>) C-OAU’AKI.HON OF TIIK DrFFKIUlNT GA8 
Soajvkh. Diiikot Method.— Since necessity 
or oonvonionco has brought about tho use of 
several different gas scales, it becomes of 
importance to know tho corrections by which 
readings in any ono of these can bo reduced 
to a common standard, such as tho normal 
hydrogen scale. 

The direct method of determining these 
corrections, as has been said, is to put the two 
thermometers side by side into a thermostat, 
and compare tho tomperaturcs as defined by 
each of tho two thermometers ; or to measure 
a given temperature (controlled by a secondary 
thermometer or reproduced by a melting-point, 
for example) first with tho ono gas-thormo- 
motor and then with the other. 

1 For u fuller discussion the reader Is referred to 
tho article on "Thermodynamics.' 1 
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Ta iii.n 2 

l , HHHHIIKK-ri)lSI.'KJi;jKKTS OK V.UtlOlIfi Til ERMOMUTUK) CiASES. VALUES OK 


ji 0 - - 100(1 mm. 

700 mm. 

fiOO mm. 

T 

Author, 

Date, and Jlnfcrcncca. 



Hydrogen. 


:iiiii 2 -r. 



(Jhnppuia (21), 1888. i 

:!(!(«■ 7 



On lies nml Boudin (88). 1000, 


3(102-0 

0002-7 

'fmvere anil .Juqnoi-od (11*1), 1003 

:hkw-2 



J Clmpi'mis (22). 1007. 


•• 

30(51 -8 

I Ini bom anti Henning (04), 1011. 



Helium. 


.. 

2002-0 

3002-3 

Trnvora nml Jnqueroil (114), 1003 

:tii(U -;i 
:i(KU -it 

• ■ 


| OtincH (87), 1007. 

•• 


3001-8 

Holhom nml Henning (01), 1011. 



Nitrogen. 


:tn7-i 7 


3008-1 

3007-8 

Cluippuis (21), 1888. 

| Clmppnis nml Hnrltcr (24), 1002. 

307:1 

2070 

3007-15 

Hay nml Clomonb (31), 1008. 

•• 

3(171 -2 

3070*3 

3007-0 

8000-4 

| JTolhom nucl ITonning (04), 1011. 



3008-0 

Day nml Bosnian (35) 1912. 

... 

•• 

3000-1 

Clmppnis (23), 1017. 



Air. 


307-1-1 


Oxygen. 

Clmppnis (22), 1007. 

.. 

1 

| 3071-7 

Mokowor and Noble (80), 1003 



Carbon Dioxide, 


372*1 -8 


, 

Chnppuis (21), 1888. 

:i72»*3 

:n 12-3 

8007-1 

„ (22), 1907. 



Ta IH.I-: 3 


Vi II.11MII* 

i-om-U'IKHTH ok VAKIOWH 'I'llKItMOMKTKIO (U8KS, VALUES OK 10 n «. 

ji HilKlinm. 

700 min. 

j 000 mm. 

Author. 



Hydrogen. 


riouti'O 

1 

1 

Nitrogen. 

| Clmppnis (22), 1007. 


1 


) OlinppuiB (22), 1007. 

ana *2 

I BOBOS 

30G0-8 

J 

EumorJopouloB (18), 1914. 



Air. 


:»(l72-8 

. 

! 

| Cliappuis (22), 1007. 

3870*8 

1 

| ISumorfopoulos (47), 1908. 


» 

Carbon Dioxide. 


:i7'ii'0 

j 3723-7 

3700-1 

| Clmppnis (22), 1907. 
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(i.) Jiititye 0" t<> 100°.—In (he range U°-100° 
Oliiv] >pinn {21) made in 1888 a direct comparison 
c, t t.lu> kind indicated, between constant- 
volu ni ,v hydrogen, nitrogen, anil carbon 
ilioxi«io giirt-tliormomcUn-s. In 11107 (22) be 
uxtinuloil 1 . 1 m comparison to constant-pressure 
Uioi.'immuitoi'H of tho mime three gases. Mo 
Ljinul liio following differences (shown in 
'I’ablo 4-) hiflwiHiii the normal hydrogen scale 
(I,,) anil the oilier nualoa. 

Taht.v: *t. 


Vai.ijuii <n*‘ /||-< accoiiiuno to Ciiapfuis' 

('(IMI'AHISI)NS 



At 20°. 

At. •10°. 

Si ^N, r, imm j 

-■04)1(1" (1888) 
-04105 (1907) 

- 04)11° (1888) 
-0 008 U007) 

*tl r, 111,1,1 

-0-021 

-0-0-20 

, z 1 

ii ~ f ll, /•. u"«> \ 

-0-003 

04100 * 

-10-004 
- 0-001 * 

t u~ 'inla. r, r.on 

-1-0-002 

-1-0-010 

* I I “ * 00 *. r. low 

— 0-030 

- 0-031) 

* 11 _/ <-Oa. /'. WHI 

-04)27 

-04)20 

/_ JI ■ \‘Mi, HKHI 

- 0-102 

-0-133 


» < lompitred with IHHH results at count mil-volume 
through mercury tUrrmiimeleis. 


Si non tlio limit of i-cpiudiiolbilltyof Chappuis’ 
tCHiillH was nliout O-OOfi", differences of less 
tlum Mint umnmil are of little trigniltannco. 
To thin (legree i>T oxanlnesH, thevoforo, the 
in inntunl-volume imd ooimlanb-pres sure hydro- 
gen mniU’rt uro seen to Im in exnofc agreement 
nt 20° ami 40”, while the other gas scales 
hJiiiw me mumble deviations from tho normal 
hvclrugen uualo at these temjiemtiircH. 

* (U.) It,mu* -273" to 0°—Olszewski (80) in 
ISOtl odiii pared euiiHtmit - volume hydrogen 
unit Indium IbermonietoiH at -183” to -211°, 
am I foiinil that they agreed within 0-1° in that 

In tlio inline year Jlolhorn and Wien (08) 
cmjiii pared imnstant-volmne hydrogen and air 
l.lim'iiiuiiudorH, and found that the air t-hormo- 
inoloi* inclieiited a tomperaturo 0-5° to 0-7° 
Imver tlmn the hydrogen at liquid air tom* 
nm'atiiroH, J lolborn nonllrmod this ohservation 

in IIKU, limllng a dilToroneo of 0-60 o ±0-0G o 

I mi. ween nitrogen and hydrogen thermometers 
at initial pressure 1000 mm. 

Tiuv'tiru and Fox (112) observed a largo 
ofVmit of the value of the initial pressure on 
thn dovialhuiH of the eehstant-volumo oxygen 
Uhormoirretor, which reads lower than helium 
l>-y- nn ainonnt which varies with p 0 ,^and is of 
Lini order of magnitude of 04° to 14)°. 

'J'mvtiw, Hcnlor, and Jaquorod (114) »» 


1903 compared constant-volume hydrogen and 
helium thermometers at initial pressures of 
840-97;') mm.,1 hrough the intermediary measure- 
ment of the vapour pressures of oxygen and 
hydrogen. They found the hydrogen tempera¬ 
tures to be 010° lower than the helium in the 
neighbourhood of -190°, and 0-19° lower at 
- 253°. 

Kamerlingh 0nnes and Holst (99) also 
made a careful comparison between the con¬ 
stant-volume hydrogen and helium thermo¬ 
meters, using a platinum-resistance control, 
at temperatures from 0° to - 258°. Tho 
differences between the two did not exceed 
04)®° down to -100°, and they may he con¬ 
sidered as defining the same tomperaturo 
within that range to an accuracy of 0-02°. 
At -2r>8° the hydrogen thermometer yielded 
a lcm|>eratmc 012“ to 015° lower than the 
helium. 

(iii.) Bangs 100° to 500°.—Holbom and 
Henning’s investigations (94) in 1911 con¬ 
stitute a comparison of tho constant-volume 
hydrogen, helium, and nitrogen scales at initial 
pressures of 620-930 nun., using two platinum- 
resistance thermomotors as intermediaries. 
In terms of one of these two the hydrogen and 
helium scales agreed exactly, to 0-01°, at 450° ; 
in terms of tho other, the helium-scale tempera¬ 
ture was 04)7° lower than the hydrogen. 
The nitrogen scale was 0-11° to 0-12° lower than 
the hydrogen at 460°. Tho results indicate 
that the hydrogen and helium scales are. in 
agreement at 450° within 0*05° or less, while 
tlio constant-volumo nitrogen scale at initial 
pressure of about 000 nun. requires a correction 
of about 0-1° to convert its readings to tho 
normal hydrogen aoalo. 

Eumorfopoulos’ determinations of tlio boil¬ 
ing-point of sulphur (48) in 1914, likewiso, 
constitute ft comparison of tho constant- 
pressure nitrogen scale nt pressure 792 mm. 
with the similar sonic at 415 mm. Tlio difler- 
onco between tlio two was found to be 0-2,1° 
at 444-5°. Hence, on tho fairly exnct assump¬ 
tion that the correction is proportional to tho 
pressure, the oorreation to convert tho con¬ 
stant-pressure nitrogen scale at 1000 mm, 
to tho thermodynamic scale is +0-60°±0-05°. 

(iv.) llangc above 600°.—-The only exact 
comparison of gas-thermometers in this range 
is that by Jaqucrod and Parrot (72). Using 
a bulb of fused silion, they determined the 
melting-point of gold on tho constant-volume 
nitrogen, oxygen, air, carbon dioxide, and 
carbon monoxido scales at initial pressures of 
182-252 nun. 

Although some of their errors, particularly 
that duo to non-uniformity of tomperaturo, 
wore abnormally large, nevertheless the faot 
that all of the gases were used under identical 
conditions makes the work a fairly reliable 
comparison between scales, oven though their 
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absolute value for tho melting-point of gold in 

l»|)OU 1-0 ([IHSSlioll. 

Expressed in terms of corrections to convert 
miulings. on one of Um gas houIoh lo readings 
on lI ks eoimtiml-volumo nitrogen hohIo at 
initial pressure of about. 2i»U mm., tlicir results 
wore : 

Ln , c, 250 Lilr, i’, 230 ~ 

l N, i>, 250 “ kiO t , ii, 250" H'O-i) ', 

%, 11, 250 “L), r, 250 - TO-4", 

J N', «, 251>“L:<>, <>, 250 — -i-O-iru. 

!j (20) CoMi’AitiHON ot* Gas Soai.es bv tiie 
In m hoot Method, and Diefekenoes be¬ 
tween Gas Suai.kh and tuk Cbsticihade 
Tmkhmodynam in Soai.k.—T he indirect method 
of comparison consists, as has lieon Haiti, in 
ciiliiululirig from existing etioi'gy-dntu of the 
fhm'inomotrio gnsos the corrections necessary 
to I'odnen toni|mmLm.'H on one of tho conti- 


corrcctions in the intermediate range may be 
gained from Tahiti fi, which compares the 
differences between centigrade thermodynamic 
temperature, to, mid gas-scale temperatures, 
calculated for the teinperaturo 50° by some oi 
the authors quoted. 

It will Ik; seen that the normal hydrogen 
scale, between 0° and 100°, ia experimentally 
vory nearly indistinguishable from the centi¬ 
grade thermodynamic scale. To a lesser 
degree of certainty the same is true of the 
constant-pressure, hydrogen scale from 0° to 
100°, us is evident from both Table 4 and 
Table 3. Tho corrections for the constant- 
pressure nitrogen scale in this range mo in 
fairly satisfactory agreement with Cliappnis’ 
directly determined differences (see Table 4), 
Tho constant-volume nitrogen correction is 
more uncertain ; Buckingham's figure is much 
smallor than the others and smaller than tho 
results of direct comparison ; on tho other 


Taiii.b r> 


COMI'AIUHON OK GaH-HOAI.K CORRECTIONS AT GO 0 , IN THOUSANDTHS OF A DEGREE 




I'nllcmlnr 

(1.). 

Cnllnmlnr 

(H.). 

ltortlnilat. 

UuiSiliigluim 

(I.). 

llucklngliniii 

in.?. 

Oim«* mill 
Urn nit. 

Hunt,. ii. 

Keyes. 

4}-Li, i-, iooo 

.. 

- 1-3 


- 0-5 

- 3-2 

•• 

-24) 

•• 

•• 

c, 1000 


•• 

- 54) 

- 80 

- 14 

•• 

•• 

•• 

*• 

ffl-Li.j.. icon 

- a :i 

- 3-fl 

- 1-8 

- M 

- 3 4) 

-3-4 



•• 

“ *N, />, 1000 

- 284) 

— 22-0 * 

- 204) 

- 24 () 

- 20-1) 



- 23-8 

- IS O 


* Calculated for air. 


grade gas houIoh to tompmnturos on another 
uonligrado gmi Mcmln or on tho centigrade 
tlinmindymnniit scale. Tallies of such oorruo* 
fi.iim have been com piled by Koso-.limos (HID), 
(litllomlar (17), l>. Borthelot <1»), ami Bucking¬ 
ham (1 I). Kaniorlingh Oihhsh (H7) and Blank 
(HI), 1)0, 01) culimlutorl llm corroctions to tho 
uoimtant-volumo helium uini hydrogen smiles 
at toinpemtimm below 0°. Iloxtmi (00) 
imlouliilcd oommtiiiiiH for tho mmstnut-volume 
air Hcnlo from Ills experiments on the Joule- 
Thompson olfoel. Keyes (7b) recomputed tho 
nitrogen eorrnetimiH oil the basis of his now 
oi i llation of jjtato, which receives considerable 
impport from uxjmrimentnl data. 

Limitations of spaco forbid any extended 
dismiHsion in this article of the derivation of 
those eomictimiH. 1 Wo will confine our 
niton lion to a brief Indication of the present 
Hiatus of our knowledge of these corrections 
in relation to experimental gns-thormomotry. 

(i.) Jluinje 0° to 10 (U--Tho scales all ooineido, 
hy iloilnltiim, at 0" anil 100*. Some idea of 
the stale of <mr know ledge of tho intor-senlo 

i Tor fuller hi h mission iico the article on " Thermo- 
cly nmiiloH," 


hand, according to Keyes’ equation, tho 
constant-volume nitrogen cerreotion is zero, 
(ii.) Range -2711° to 0°.—Table 0 gives a 
comparison, similar to that in a preceding 
paragraph, at tho temperature - 100°. 

Tho agreement among tho difforont estimates 
at -100° is very poor. Onncs and Blank’s 
value for the normal hydrogen scale is un¬ 
doubtedly the best, being based on oxporimont- 
ally determined isotherms at low temperatures, 
Onnes’s data on tho constant-volume, helium 
scale show that it coincides with the thermo¬ 
dynamic scale within 0-01° at -100°, and lias 
a positive correction of not over 04)!)° at 
-2/50°. Tho differences between hydrogen 
and helium are satisfactorily checked by tho 
direct comparisons (see an earlier paragraph). 

(iii.) llange 100° lo 500°.—Asbcforo, the esti¬ 
mates of various authors arc compared at a 
single lomporatuve, in this case 400°. (See 
Table 7.) From Table 7 it is evident that wo 
know very little moro of the magnitude of tho 
constant-volume hydrogen and nitrogen correc¬ 
tions than wo did seventy years ago, when 
Ilegnault conoluded from his comparisons 
that the constant-volume air scale needed no 
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Even llo] hum and Henning’s 
•HiuhiI- (!(>m|mriflon (see a preceding paragraph) 
li'avt'H fciicj matter somewhat in doubt. 


much bettor known than the constant-volume 
lioireotioiifl, Jacpinrod and Parrot’s direct 
comparisons (see a preceding paragraph) are 


Tarek 0 

(.‘omi-ahison op ( Iar-scai.e Corrections at —100°, in Thousandths op a Degree 



Oiillcndfir 

O.). 

('ullcndnr 

(Ll.). 

BertUclot. 

Buckingham 

(I.). 

Buckingham 

(11.). 

Oruu's. 

*<> *||, ||, 1000 

-1-20 

-1- 5 

+ 8 

+ 32 

.. 

+18-7 

r o ~~ 1 a, v, iooo 


I- 80 

+ 125 

- 59 



f O *n, mini 

-|(I0 

•I- 20 

-1- 21 

+ 40 



*w *n, ft iwm 

*W ~ 1IMM 

•• 

1437 

+409 

+320 

+348 

( + 34 
\- GO 


'/’hi'. connluHl-pre.unun'. In/droijcn scale is 
In a positive oonw.Uon ot about 04°, 
wliilo Mio cdHulinit-prc.xNtirr. nitrogen e.orrootion 
in mlulively lho beat known of all, amounting 
to iiIm ml -| (Mb" at 4 00” for a thermometer 


of no assistance as regards corrections to the 
thermodynamic scale. 

§ (21 ) Determination or 0 O , —Tho numerical 
value for 0 o , tho ice-point on the Kelvin 
thermodynamic scale, is one of the basic data 
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CllMI'AltlKON (IP (lAS-SOAI.i: COHllKOTIONH AT •100", IN THOUSANDTHS OP A DkOHEII 



Cullendur 

(1.). 

Oullimdur 

(Jl.). 

Itortholot. 

ilnokbigham 

(I.). 

Buckingham 

(H.). 

Keyes. 

r t>"' *11, 1(100 

.. 

-- 

-|- 12 

-|- 99 

•• 

•• 

f O~' *N, r. 10110 

• • 


+ 104 

+180 

•• 

0 

*" *11. Ji. IIWO 

-1(18 

-1-38 

+ 21 

+110 

-1- G8 

•• 

*iI”'*N, 1000 

•• 

+ 560 

-1-467 

+433 

+ 460 

+43G 


al, 11 roam i in 10(H) mm. Eumorfopouloa’ 
(48) ilireot dHormiiiiilloii of this correction 
nn 0410 I; O'Oft' 1 at •150” furnishes ocmlirmation 
hliut. tho oiitlnmlcH aro ennoot within 04°. 

(jv.) Kunyn fiOO°.--Tn this rango no 

nno 1 1 ilh ventured to onion Into the diHoronocs 


of thermometry. While its determination is 
a fundamental Ihcnnomolrio problem, and 
forms logically a part of the present article, 
tho problem will bo found fully discussed 
olBCwhoro in this dictionary. 1 Tho most 
reliablo estimates vary from 273'08° to 27344° 
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Comparison or Gas-shams Corueutions at 1008° 



(-rillomlnr (If.). 

Bnrfholot. 

Buckingham (I.). 

Buckingham (II.). 

Keyes. 

*0"*N, r, 11)00 
*I»“'*N, ji, 1000 

+04140° 

+0-77° 

+0-734° 

, , 

0 

•1 2 017 

+ 1-064 

+1-700 

+1-721 

+ 1-72 


luri-wnen Uki sonles for any except tho conatnnt- 
m j Untie and constant -pimsurc nitrogen thermo- 
ni(i (,i.<rs itt initial pressuro 1000 mm. These 
arn hIuwii in Table H. ‘ 

hi this range, ns In the range 100 -f>00 , 
tin; iiniiHtftiit-pressuro nitrogen corrections aro 


and it may be conservatively placed at tho 
valuo 2734° ± 0-08°. 

§ (22) Summary for Section US—Centi¬ 
grade thermodynamic temperatures can now 
bo measured with several different types of 
1 Sec article on " Thermodynamics." 
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gnu-thermometer, with nil aecuracy which is 
coniservntivdy oalmmtori to In- ns follows: 


At 

250* 

0-05" 

At 

•>00° 

©■OS' 

At - 

--HID’ 

(>•(12" 

At 

400" 

<M° 

At 

O' 

0(1113° 

At 

10(11) ’ 

1° 

At 

511’ 

U-I Hitt* 

At 

LlilKE 

2° 

At 

1(1(1' 

(Mir 1 





IV. iUHANH Oil’ CJOMl’AIUSON OF OaS- 
T 11 KHMOiMliTKIlH WITH SliOONDARY StANDAHMS 


$ (iiU) Skoonihahy iStandahds.—A gas-thor- 
mn motor oo.nupic'H so much sptico Unit it is 
Kolchim convenient for use iu tho direct 
immsiueiiKMit of lonipemturo. Por t-liis reason 
tho experimental renlisulion of tho temperature 
Houle and its tnuinhiUoii into terms atul 
momaires of nmvoniimt application requires a 
further slop, namely, tho comparison of gits- 
fI inn no motors with secondary standards avail- 
iililo for general use. 

Hcomidury Btiuirlarila may ho olnssod ns of 
fliron kinds i 

(I.) I’oproduoihlc fixed tompcmtnros (molt¬ 
ing- points, lioiling.points, oto.). 

(ii.) Inriopnndunt thermal jiroportics of 
substances (vapour-pressure, index of refraa- 
thin, etc.). 

(iii.) (.'ombimvlbm of fixed temperatures 
with a Ihernml property (resistance thornio- 
ii i(dor combined with ioo, steam, and sulphur 
jmintH, etc.). 

The expression “ tliormnl property ” is used 
|loro in a hrond sonso to inoludo any property 
which varies with tempera turn and at tho 
Htuno time nun ho measured with precision. 

5} (!M) Pixi'JD Thsii*khatuuhh.—I n neoordnnco 
with I ho 1*1 ihho Rule, 1 the temperature of a 
h vo I mu is llxoi I ir I lie presHiiro mid the neeoHHiuy 
iiii i ii))(*■' of euiieenlmtinns arc spoeilied so that 
in a systoin of >i oompnrioiils 

l*-l-E~»-l 2, 

whore I’ in tins numhor of phases present and 
|r [ho numhor of vnriahloH that linvo boon 
upt milled. 

For instil mm, liilre a oiio-eiiinponont syntom 
mo li ns pnro water i tho upocilluations that tho 
pressure shall ho one almosphoro and that tho 
two phntiCH, liquid water and ioo, uhnll ho 
present, dotorminoH that this system shall 
Imvo a flxoil niul reproducible temperature. 
Or take tho 2-oinnponnnb systoin—water and 
K( >,limn ohlurido ; tins spooifioiitlonH that ioo 
mid solution shall ho present, that tho pressure 
shall lm one atmosphere, and that tho solution 
ulmll have a einiimnlrution of 10 parts Halt to 00 
purls water, again fixes a roproducihlo tempera¬ 
ture. Bo also duos tho specification of tho Llirco 
j,hasos, lew, suit, and Holntiou, and a presmiro 
of ono almosphoro ; or tho Hpeol Heat toil of 
tlu) threci phases, salt, solution, and vapour, 
1 Hon “ J-Minso Ilulc," 5 (<i), Vol. IV. 


and a pressure of one atmosphere (boiling- 
point of tho saturated solution). 

The temperature of any such system may 
ho measured with a gas-thermometer, and 
this fixed-temperature system then becomes 
available either for the direct indication of 
temperature or for the standardisation of any 
hind of secondary thermometer. 

Customary practice in gas-tlierinomettic 
work has quite needlessly restricted these 
fixed - temperature points to onc-oomponenfc 
systems—to the melting- and boiling-points 
of pure substances, usually elements, 

Tho gas-thonnmnetor need not he directly 
immersed in the fixed-temperature system. 
Jinny kinds of transferring devices may bo 
used, such, for example, as a thermo-element. 
The thermo-element is immersed in the 
fixed-temperature system, Hay a melting metal, 
and its E.M.K. is read. Thermo-element and 
gas-thermometer are then placed side by Bide 
in a thermostat whose tompornturo is regulated 
until tho thermo-element again gives tho sumo 
E.M.F. A gas-thermometer reading then 
gives tho desired temperature of tho fixed 
point. There need ho no sacrifice of accuracy 
in making tho comparison in this way, for 
tho sensitiveness of the thermo-element can 
cnsilv bo made equal to or greater than that of 
the gas-thermometer by multiplying junctions. 

There are two considerations, either of which 
may diotalc the choice of an indirect or transfer 
method, such as that described above, rather 
than tho direct immersion method. In the 
first place, uniformity of temperature must 
ho secured ovor tho entire volume of tho gas- 
thermomotor bulb, and this frequently culls 
for the use of a secondary or auxiliary thermo- 
metric device of small volumo, with which to 
explore the distribution of temperature. 
Oluippuls* bulb, for example, was over a metre 
long. In a comparison of this charuotor in 
which the dimensions of tlio two measuring 
instruments differ bo extremely a considerable 
burden is placed on tho thermostat to guarantee 
tho constnnoy of tomporuturo over so large an 
area with tho full precision expected. 

Or, to view tho problem from a somewhat 
different angle, tlio thormostat may fulfil all 
expectations, but tho metal bath or other 
fixed temperature system be too small or ton 
uncertain in its performance to ensure tho 
expected constancy of temperature over tho 
entire volume of a largo gas-thormonietor 
bulb. In this case obviously tho transfer 
method will yield hotter results than tho 
direct method. 

§ (25) Tiikrmat. Puofbhtieh.— Any property 
of a substance which varies with temperature 
in such a way that it can be measured with 
accuracy and precision may ho made the 
subjoct of comparison with a gas-tliormnine ter. 
The measurements of tho property so obtained 
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,uiy then bo stated in terms of a centigrade 
ril s scale or one of the thermodynamic scales, 
Either by means of a table of data, or a graph, 

,r a mathematical formula, and may thus 
[)ccomo a second ary standard for the direct 
measurement of temperature. 

Thin method presupposes that the substance 
in question can ho obtained of such constant 
uiid reproducible composition and structure 
that tiro thermal property in question is 
,■(,producible with a precision equal to that 
with which the comparison with the gus- 
tlierniomeler was made. This is a requirement 
which, is difficult to meet in the case of some 
proportion, but is easily met in others. 

Home of the properties that have been 
coin|Hired with gas-thermometors with a viow 
to their Independent use in secondary thormo- 
metry are : the vapour pressure of a pure 
liquid, the index of refraction of a gas, the 
specific beat capacity of a solid, and (most 
important of all) the wave-length uml intensity 
of thn radiation From solid bodies. 

§(20) Com iiination or'Fix ki> Ti«i ran atur ks 
WITH A Tiikhmai. I’ltOHOHTV.— This method 
has been the one most commonly used for the 
realisation of gas-thermometer scales in the 
form of secondary standards. We may 
consider that what is really measured and 
certified to in this ease by the gas-thermometer 
(in addition to the fixed temperatures thom- 
Hclvnst) is tlio wanner of variation of the 
property in question, it is this manner of 
variation that is reproducible, nob the absolute 
monHuro of the property itself, 

Tnko, for example, the electrical con¬ 
ductivity of a particular metal. Electrical 
conductivity is so sensitive to small amounts 
of impurities in the metal that it cannot bo 
considered sulllcicnlly reproducible to bo an 
independent secondary standard, lhib con¬ 
ductivity (or resistance) measurements on a 
particular sample, in conjunction witli gus- 
thonnomotor measurements of temperature, 
may show that the resistance of that sample 
varies continnaudy and rcproditcibly, and Unit 
it cun lie represented within the limits of 
precision of the gns-thermometor hy means 
of a mathematical formula containing as 
ewiHtunts the resistaneo of the sample, say, 
at threo fixed temperatures, whoso valuo is 
independently known by othor gas-thormo- 
motor menauromentH. 

If tins result is ropoatcdly obtained on 
various samples, it is reasonable to assume 
that any othor sample, whoso resistance docs 
not vary greatly from those investigated, will 
likewise have a resistance which vanes 
continuously and roprodueibly and can bo 
represented* by a similar formula containing 
ns constants ’tlio resistaneo at tho Boleolcd 
fixed tomporaturcs. 

It will bo recognised that measurements or 


this kind form the basis of the widespread 
and successful use of the platinum-resistance 
thonnometer and tho metal-alloy thermocouple 
— two very common kinds o£ secondary 
thermometer. 

V. Com i’aiuson of CUs-thermometers with 

SECONDARY StaHOARDS IN THE RANGE 

0° TO 1U0° 

§(27) Fixed Tksipwiatuiibb.—T liommiorioal 
values of tho temperature of the melting-point 
of ico and the boiling-point of water are fixed 
by definition. Tho question of their repro¬ 
ducibility and precision are considered else- 

where. 1 

No fixed temperature within the range 0° 
to 1(10° has been made the subject of direct 
gas-thomiometer evaluation. 

Tho temperature of the system [Na 2 f50., : 
Nn,SO, . 101LO solution], under one. atmo¬ 
sphere pressure, in tlio two-component system 
[sodium sulphate : water], 1ms been proposed 
by Richards (]0f>) as u fixed point in this 
part of tho scale. Its temperature was 
accurately determined by Richards and 
Wells (100) by means of mercury thermometers 
calibrated against tho Htivndardu of tlio Inter¬ 
national Bureau, and the determination may 
therefore bo taken us an indirect determination 
in forum of tho normal hydrogen scale. Thn 
lompnrnlurc thus determined was IllMHWh A 
siniihu* comparison was made by Dickinson 
and Mueller (49), using pliitinum-ieHistaneo 
thermometers which had been eompnred with 
mercurial standards chocked by tho inlor- 
nutlonal Bureau, ami which wore believed 
to ropresent the lij’drogou sonlo within 01102 , 
their figure for tlio point is ElSdlHI 0 . .1 lio 
close agreement of these two is good evidence 
of tho reproducibility of tlio point. 

Similar determinations of the tempera turo 
of |'Mn01 2 . dlTjO : Mntll,.811,0 i solution], at 
fiHOHU 0 , hftvo boon made by Richards and 
Wredo (108) ; and of the temperature of 
[NftBr : NaBr. 211*0 : .solution], at r>0 (57d'*, by 
Richards and Wells (107). The Niiltr point 
has the disadvantage that tho salt is nut easily 
obtained in a Riiflioicntly pure state for exact 
work. 

§(28) Thermal Pnai’KirnKS.—No indepen¬ 
dent Chennai property, which could bodopended, 
upon for tho mcnsnioinont of temperaturo 
without tho nid of standardisation at fixed 
points, has boon rondo tho subject of gns- 
thormomotor comparison in tlio range <>° hi 
100 °. 

§ (2D) Comhinki* Thermal Properties anii 
' Fixed Temperatures. (i.) Iixpnnaion _ of 
Mercury in (Has*. —Tlio differential cubical 
expansion of inorcnry in a particular type of 
hard glass is a property capable of fairly 
oxftcli roproduclion, with tlio aid of two fixed 
» See nr Hdo on " Thermometry,” 
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(.<mi porn lures. Tho use. of l-his proporty in 
“ moronrinl t.lierinomulry ” is made the 
subject of a sipooial article in this dictionary 
and need not ho re for led to at length hero. 

Tim oumpnritKin of tins property with the 
ecinstimt-vnliimo hydrogen thermometer ima 
been the subject of wane of the moat ex not 
work oii record in gas-thermometry, namely, 
that of ( IhnpjJiiiH (21). 

Clmppnis used n Imlh of platinum-iridium 
alloy, having a capacity of about l litre, 
and tilled with pure hydrogen at an initial 
pressure at 0° of about 1000 mm. morcury. 
This was immersed in a thermostat with four 
standard nioreury-in-hard-glnsH thermometers 
of tint Inlornalioniil Hurnnii, Nos. <1428, <1420, 

•I -f i 10, and 4481. Tho true tern poratures of 
theso l.l ion m .motors were then determined by 
tin' preiiNuro of the hydrogen at about 5°, 10°, 
10", 21)", 25", IHF, 35°, .10°, 4fi°, 50°, 01°, and 
78", ami the corrections necessary to convert 
their ucaln-rendingn into true temperatures 
were tabulated. 

These four thermometers thus became, tho 
oiiNludhum, no to speak, of tho international 
lonipenituio scale from 0° to 100°, and nil 
other standard thermometers in tho world’s 
various national bureaus of standards llftvo 
been calibrated by omnpariuun with those four. 

(ii.) Jilw.tr icn l Jlmulnnce of Platinum Wire .— 
In 1871 .Siemens suggested tho uso of tho 
olootrJeal rcHislnneo of platinum wire ns a 
Hucomlury tliormomot.rlc standard, but it was 
not put on a really exact basis until Callcndar 
investigatoil it and revived tho suggestion in 
IHHfU In 1801 ho and E. 11. Griffiths (10) 
]iul)liKiie<l it direct comparison between a 
plaMiiiiin-i'esistnuec (.hermimiotor and a con- 
iiflint priwimii air fliernmmeter at intervals of 
rr nvor the range (V’-IOO 0 (!. The two thermo- 
metoi'ii were placed side by side in un iron 
frinli containing seme 7/5 litres of water 
which whs i mi re fully sillied. Tho differences 
lietwcen Mill, tom pern tmvs, ns calculated by 
(iallendar'ii c|iiiulrnl-Mi formula with fi~ l•4.74 
and us given by the constant pressure njr 
thermometer, were of the order of 0-01 this 
value of iV was not, however, obtained by 
direct uiilibmtioii lit tho sulphur point. 
Tim Knw Observatory authorities then took 
up the matter, mid after a study of some of 
tho olinmolnrislies of ]ilatinmn- resistance 
thermomutoi'H had been made by Griffiths and 
4 ,thorn, requested the International Bureau of 
Weights and Mensiil’ns to compare several 
iiueh thermometers with the normal hydrogen 
nenle, (hen on deposit at tho Bureau in tho 
form of eight moroury thormomotora, as 1 
uiontioMod in preending iiaragraphs of this 
Mention. 


• fnr further details sec tile article on " HcMhUuwc 
'['Ininnometers '*; also Phil. Trans, liou< 5oe, A. 188 ( , 
elxxvlll. 


Tho plan was agreed to, and comparisons 
made by Clmppnis and Marker (24) were 
publisher! in 11)02. Comparisons were mndo in 
the range - 23° to 100° between two platinum- 
resistance thermometers and the standard 
moroury thermometers. It was found that 
temperatures interpolated by means of 
Cullendar’s quad ratio formula based on 
calibrations at tho ice, steam, and sulphur 
points deviated from tho true temperature 
by about 0-02° or 0-03° at most (depending 
upon tho value assumed for tho sulphur 
boiling-point). Tho deviations were not, 
however, haphazard and accidental; the 
agreement was not wholly satisfactory, and 
was ovidontly not so regarded by the 
authors. 

Excopt for tho investigations of Cftllondnr 
and Grifllths in 1891, and this comparison by 
Clmppnis and Murker, no exact comparison 
of tho plutlniim-rcsistnnco thermometer at 
temperatures between 0° and 100° has ever 
boon made cither directly with a gaa-thermo- 
metor or indirectly through a single inter¬ 
mediary. Tho secondary indirect comparisons 
made by Griffiths (hi)) in 1893, Wnidnct and 
Mallory (124) in 1898, and by Dickinson, 
Waidnor, and Muellor (43, 121) in 1907, how¬ 
ever, gave what are probably more precise 
results than the primary indirect comparison 
by Chappuis and Marker, or tho original direct 
work of Cnllondar and Griffiths, and must be 
considered the real basis for confidence in the 
platinum-resistance scalo botwoon 0° and 100°. 
Yet none of theso comparisons warrants tho 
statement that tho resistance thermometer 
calibrated at icc, steam, and sulphur points 
is known with cortninty to reproduce the 
normal hydrogen scale within 0 01°. 

$ (30) Summary iron the RanokO°to 100°. 
(i.) Mercurial awl Hat stance Thermometry. 
—Although tiio normal hydrogen scale, ns 
represented by a set of vane dvr thermo motors 
at tho International Bureau, is still tho only 
international standard of temperature, it 1ms 
in rcoont yours been less generally employed in 
eonsoquonoo of tho increasing use of and con¬ 
fidence in the platinum-resistance thermo meter 
and the demonstrated variability of mercury.-in- 
glass scales (52). Thus tho ReiohBanBtn.lt (125) 
has officially announced its abandonment of 
the gas-thermometer ns a fundamental experi¬ 
mental standard, and its adoption of the re¬ 
sistance thormoinotcr (calibrated at ice, Btoam, 
and sulphur points, and having certain limiting 
values 3 for its constants) as its fundamental 
temperature scale for purposes of certification, 
from -39° to 4-445°. 

Confidence in tho resistance thermometer 


* KWH. must lie not less than 1-388land 5 must 
be not greater than 1*62, when the boiling-no hit of 
sulphur is taken as 444-55 4- 0-0908 (]) — 760) 
-0-000047 (p- 7G0)\ 
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' ( 1 ^, 1 ‘«on bred by its lumnuiienci'. and precision 
viLV <!t ' tlmn ’’- v i,s domonstinleil ngroemcnt 
’> 1 Ui« normal hydrogen scale, for t-lio 

>iiMtraliou in the range (V 5 to 100 ° really 
mam two or limns relatively indirect 
U) t >uriHi)nH with tho ttid of mormtry Uier- 
iltstors, The jsoeoml-degreo equation for 
l 1 "'Ll)n ini resiatanen departs ho radically from 
llu ° < (!in|ioratnn!H below 0° that Home dopni-L- 
mo » oven though small, is rather to ho 
'ted above 0°. 'I'd cut loose completely 
fclio gas-thermometer, therefore, seems to 
this 'Writers a stop backward toward the days 
" ‘^Mipiricsal and arbitrary thermometers and 
I ' 1 *' *•'*»» omotrie scales, for ho littlo is known 
<.'d.|nhont tin; fnmlamental laws of electrical 
ei)i i< l notion in metals and the effect of 
1,11 l>i■ cities thereon, or about Llm purification 
atul analysis of platinum, that a now and 
minx limited impurity in platinum supplies 
easily introduce much confusion into 
thermometrio situation. No objeotion, 
bo\\> €l j V4 ,r, could be made to the adoption of 
pai-tiiendar platinum-resistance thermometers, 
<l«p« initial at a national standardising labora- 
l°<'y, as seenmlary stundards to replace 
sum niilary mcreiirial standards. 

(ii.) Theniiocauples ,--No general equation 
bu.‘ «.iiy thermoeoupie, oompurnblo with that 
for* i.|in resistance thorinometer, has been 
dnvolopod. Reliance is placed rather upon 
InliU'H of E.M.K, and teiuporaturo {as is done 
in t Ini oasis of resistance thermometry below 
-•lO"), and the deviations of any particular 
thfM’ino.oloment from the standard table are 
divt« wiiiiuod by calibration at fixed points. 

(ili.) Fixed I’otiil/i .— Fur tlioso who do not 
wii-tla to plains Tull relinnce either upon the 
ro]xluolbility of platinum - resistanco thcr- 
iiu musters calibrated only at ioo, steam, and 
sulphur points, or upon tins reproducibility of 
tluii*! uncouples calibrated at ice, steam, and 
Hume other higher point, the following fixed 
points are available ns fundamental repro- 
diiisiblii standards (Mumgli the temperatures 
asui'ilied thereto may bn changed by further 
in vt’iHtlgation) i 

M 'munition temperature Nn.jSO.,: Nu B S0 4 
1011 a <)! solution, 324184" (!. J.0*U05°. 

* Pi tuinK Ion teni]>omluro Mn()l a . 4H a 0 : 

M riOi.,. 211 j< >: solution, 5H-OH1) 0 CJ.± (MXW 0 . 


v r, (himI’AU 1 HON 111 .' 0 AH-TIIKItMOMBTE 113 WITH 
Smiondarv Standards in tiik Raniik 

- 27:r to o°- a 

At lompcrnfcnreH ahovo 0° C. the gas- 
tliot'iiieiuetm' lias seldom been used for the 
di reii 1; measurement of temperature, and its 
tAlo bus lioen conlinnd to that of an ultimate 
Ht-rni <lar<l against whieh senimdary standards 
win’*- 5 compared, Below 0°, on tlio other 
hand, especially in tho pioneer work on 

voi«. i 


tho liquefaction of gases, the use of gns- 
t-hermfunctors for the direct measurement 
of temperature has been the rule rather than 
the exception. 

Wo shall not undertake here a discussion 
of all the researches in which gas-thermometers 
have been used as measuring instruments, 
but shall confine oiu- attention to a few 
researches which have a direct bearing on 
thermometry. 

§ (31) Fixed Points. —The following fixed 
points have been made tho subject of investi¬ 
gation with gas-tlicrmomutois with a view 
particularly to their use us standard thermo¬ 
metric points: melting-point of mercury ; 
sublimation-point of carbon dioxide ; boiling- 
points of oxygen, nitrogen, hydrogen, find 
helium. 

(i .) Melting-point of Mercury. — Chap puis 
(25) in 1891 extended his comparisons of 
mercury thermometers with tho normal 
hydrogen Ihcrmomotcr down to the freezing- 
point of mercury, which ho thus determined 
to lie -38-80°. Henning (55) placed it at 
-38-80°, using platinum - resistance thermo¬ 
meters ns intermediaries between the mercury 
and a constant • volume hydrogen thermo¬ 
meter. 

(ii.) iS'ii hlinitUinn-pniiil of Carbon Dioxide .— 
The temperature of equilibrium between the 
solid anti gaseous phases of carbon dioxide 
under a pressure of one atmosphere constitutes 
a fixed point that has been much used in low- 
temperature research. 

Its temperature was placed by ltcgnault in 
181)3 at -78-2° j by Pictet in 1878 at -80°; 
by Villnrd and Jarry in 1805 at ~7l)° ; by 
Lntlenburg and Kriigcl in 1891) (hydrogen 
thermometer) at - 78-0°. 

A more oxnot determination, with aconstant- 
volumo hydrogen thermometer, was made in 
1001 by Ilolborn (GO), who placed tho tempera¬ 
ture at -78-34° for a mixture of alcohol and 
solid carbon dioxide. 

As usually employed, the solid carbon 
dioxido is mixed with ether or with alcohol 
in order to obtain uniformity and good 
contact with tho object to be cooled. If no 
alcohol or ethor were dissolved in tho solid 
OOj, and if tho vapour pressures of theso 
liquids were inappreciable in comparison with 
ono atmosphoro, tho equilibrium temperature 
would bo unaffected by their presence. 
Ilolborn looked into this question particularly, 
and found that tho temperature of pure, dry, 
solid C0 a in equilibrium with tho gas at ono 
atmosphoro is -78-44°, or 0-10° lower than 
that of the alcohol mixture. This difference 
was confirmed by Kaspar (74) in 1913. 

Honning (55) found by tho static method, 
using platinum - resistanco as intermediary 
botweon pure C0 a and tho constant-volume 
hydrogen thermometer, the value -78-52°. 

3 l 
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(iii.) Boiling-point of Oxygen. Tho early 
determinations (before 1000) by Wroblowski 
(127), Olszewski, Kstrcioher (40), Holborn aiul 
Wien, and’ Laden burg and Kl iigol gave re- 
9l ilts, referred to Lius hydrogen thermometer, 
which ranged from —181 -0 to - 182-50°. 

Holhorn’s determination (00) in 1901, using 
,i platinum-resistance thormomotar as inter¬ 
mediary from a hydrogen thermometer, gave 
-182-7°. 

Hnly’a series of experiments (4) on the 
composition of tho gaseous and liquid phases 
in tho system oxygen-nitrogen gnvo -182-0° 
on the constant - pressure hydrogen thermo¬ 
meter. Trnvom believes the resells to have 
boon affected by a constant error causing the 
boiling-point to appear high. 

Do war (41) in 1991 placed tho lioiiing-pomt 
at -182-5°, based on direct measurements 
with constant-volmno hydrogen, oxygen, and 
helium thermometers. 

Travers and Fox (112) in 1009 found -18.1*3 
on tho scale of a constant-volumo oxygen 
thermometer filled at various initial pressures 
from (159 to 3.W mm. and extrapolated to 
zero pressure. Travers, Scntor, and .laquorod 
(114) found that liquid oxygon easily super¬ 
heats ns much as 1°, and a rolinblo boiling-point. 
is obtained only if gas is bubbled through tho 
liquid, or if tho point is determined by the 
statio mothod. Previous measurements might 
therefore ho expected to provo too high. 
Their final boiling-point (calculated from tho 
published data, which are given directly 
in absolute gns scale temperatures), is 
-182-98° l>y the constant-volumo hydrogen 
thermometer, and -182-88° by tho constant- 
volume helium thermometer, at initial press¬ 
ures of 845-1)75 mm. Their determinations 
woro much more exact than any that had 
preceded. 

Another exact determination was made by 
Katncrlingh Dimes and Uranic (92) in 1908, 
using a platinum-resistance thermometer ns 
intermediary between tho boiling oxygon and 
two constant-volume hydrogen thermometers, 
which agreed to within 0-04°. Tho boiling- 
point is placed at -188-04 J; 0-08° on tho 
normal hydrogen scale, or -182-99° on tho 
eimligmdo thermodynamic scale. . 

The most recent determination was by 
Hanning (55) >» 1014. Using platinum- 
rosistanco thermometers previously compared 
with a constant-volumo hydrogen thermymetcr, 
ho found tho valuo - 188-01°, or - 182-97? 0. 
Tliis is In excellent agreomont with tho 
preceding value. 

(i v.) Other Fixed Points .—Whilo a discussion 
of the boiling-points of nitrogen, hydrogen, 
and helium, as well as of other low-temperaturo 
points which have been suggested as thormo- 
metvio standards, might properly form a part 
of this scolion, they Imvo beon fully oovorod 


elsewhere, 1 so that there is no need of duplicat¬ 
ing tho discussion hero. Wo could only 
urgo that, when these data are being considered 
from tho standpoint of fundamental thermo¬ 
metry, care ho taken to distinguish those 
determinations which are made by direct or 
indirect comparison with a gas-thermometer 
from those which aro based on secondary 
standards or secondary fixed points; they 
should not he indiscriminately lumped together 
without any indication as to their degree of 
independence, ns is too often tlono in tables 
of physical constants. 

§ (32) Tiikhmai, Pnoi'KimKS. (i.) Vapour 
Pressure of Oxygen .—Stoek and Nielsen (110) 
in 1900 described a low-tornporaturo thenno- 
motor using the vapour pressure of liquid 
oxygon. Tho fundamental data for such a 
thermometer have been provided by the 
vapour pressure measurements of Dimes and ' 
Break, and Henning, in which temperatures 
were measured with hydrogen or helium gas- 
thormomotors. 

Possessing some of tho disadvantages of the 
gns-thormomotor, this vapour-pressure ther¬ 
mometer 1ms not boon widely used as a 
secondary standard, since investigators have 
usually preferred a secondary thermometer of 
smaller volume and eusior manipulation. 

§ (88) Com hi nation ok Tii khmai. I'ltotucimics 
and Fixion Points, (i.) lixpnnsiim of Mercury 
in (Bass .—Tho work of Ohappuis on tho 
comparison of mercury thormoinotors with Llio 
hydrogen thermometer, already referred to in 
the preceding section, covered tho range down 
to -24°0. Four standard thcrmomotoiH of 
tho International Bureau, Nos. 4479, 4480, 
4481, and 4482, are tho depositories, so to 
speak, of this part of tho international hydrogen' 
scale. Dluippuis' comparisons indicate that 
other mercury thermometers, made of glass 
similar to the " verm dm-" standards and cali¬ 
brated at 0° and 100°, can reproduce the 
normal hydrogen scale between 0° and - 24° 
within 0-01°. 

(ii.) Expansion of Organic Liquids in (Ihm .— 
Holborn (00) eompared the potroloinn-othor- 
in-glnsH thermometer with the nitrogen 
thermometer to -190° and showed that it 
could bo used for measurements with an 
acoumoy of 1°, but difficulties with tho 
inoniflcus and the adherence of liquid to tho 
walls have prevented tho use of this and 
similar thermometers (ponloiie, tolucno, alco¬ 
hol) for accurate thermometry. _ ; 

(iii.) Flee, triced Resistance, of Platinum Wire, 
—Early investigations by Dewar and Fleming 
and by Olszewski gave rather variable devia¬ 
tions between tho temperature extrapolated 
by moans of tho resistnneo of platinum ami tho 
truo tomporatiiro. This variability was prob¬ 
ably duo to impure metal. 

1 Sec article on “ LlipiofactIon of Oases." 
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( L '>llmm ami Wien (08) in 189(5 macks the 
ri'Hi , ’ on * c<im ! mr ' s<m <>f the modem phitinum- 
im>| Htnn<K! llu,mu,mot(;l ' with a gns-thormo- 
Their resistance thermometers were in 
7 "*'* v,im^ Healed directly into the glass bulls 

I hydrogen thermometer, and, in others, 

I I _ ! Of 1 alongside tho bulb. Comparisons nt 
Vll | Jti%,H temperatures between -18° and 
” * UO" indicated that tho resistance of the 
Wlt ’* s could lie represented in terms of t by a 

equation, with an aeeumoy 

f >ntinning this work in 1901, Holborn 
Mli<»\vcnl that the Callondar quadratic formula 
a platinum-resistance thormomeier, eali- 
at the ieo, steam, and sulphur pointB 

III Mio usual manner, gives tho hydrogen* 
Ih'.)i'tvunnotor lemperature nt -78° within 

hut is 2° off at -190°. 

^ similar comparison was mado in 1902-1904 
*‘y Mcilink (81, 82) at Leiden, who showed by 
nioit.s. moments at various points hotween -51° 
an<I -210° that the representation of the 
1'mij-tl.nmu) hy a quadratic formula (based only 
1,11 paints below (»'“) is only permissible when 
the 1 il(>nired aeeumey is less than 0-2”, and thon 
" n l.V clown to •••197°. For an aeeumoy of 
H't), 1 "* 0 down to -107° a eubio formula is 
''<•<1 Hired, with calibrations recommended at 
nt lt»«vst six points. 

I'"i lie ling the gas-tliermmnelor rnlhor ouin- 
lir«>iiM for their low-ternpemtnro work, Travers 
nn« I < Swyer (lib) in 1905 undertook a ro- 
«xiti i i iimtion of the dependence) of platinum 
I'cniMfcuiice on temperature below 0". As 
heftii-c, the Cnllendar epiadratio formula 
ex (<i'«i|inlutiim proveil to ho low both at -78° 
an cl -190", In order to obtain a formula 
wliiali would yield hydrogon-seale tompora- 
l.nrofi, the term fi in Cnllcndar’s formula, 
will it] i lias a value of about N50 above 0°, 
luul to bo mado I *84 to 1-90. This variability 
in Mio value of ii (equivalent to coiiHidorablo 
do vl*itions from a quadratic formula) led thorn 
In cjouolude that tho platinum - resistance 
Mm m remoter could only bo used for iutorpola- 
lioii liutweun fixed points, and not for oxtra- 
puljition or for tho indepondont definition of a 
acuta. 

A. ii investigation of higher ncouraoy than 
had yet boon made on tho platinjun-resistance 
tlu^fiuometer at low tompoiutures was carried 
int tr liy Kiimorlingh Omies and Clay (04) in 
UK 111. ' Measuring tho tomporaturo at thirteen 
pitiiilu between -30° and —259° with a 
noiiH.t4iul-volumo hydrogen thormomotor whoso 
maiiii'noy was estimated at 04)2°, they found 
Ihtvli the resistance of tlio platinum wire used 
Koiild ho satisfRotorily roprosonted'only by a 
on1 1 iii formula to which was added also 
reni] »r<ioal powers of tho ahsoluto tempera- 


titro* 

Ah 


tho uso of so cumbrous a formula is 


impractical, resistnuce-lhermometric practice 
soon settled down to the use of a standard 
table of resistances and temperatures, devia¬ 
tions from which might be determined for 
any particular platinum - resistance thermo¬ 
meter. Kaincrlingli Dimes, Break, and Clay 
(93) considered in 1907 that tho definition of 
a low temperature.hy a single determination 
on a standardised platinum-resistance thermo¬ 
meter has about the same probable error 
as a determination on the constant-volume 
hydrogen thermometer, namely, IM)2° or less. 

The most recent exact determination of the 
relation is that by Henning (53, 51) in 1913. 
He used a constant-volume hydrogen thermo¬ 
meter with glass bulb, at initial pressures 
of 740 and 822 mm. The C'allendar quadratic 
formula was found to hold down to -40°, 
hut gave temperatures which were 0'08° low 
at - 78°, and rapidly increased its deviation 
below that temperature. Different platinum 
thermometers were found to givo “ platinum 
temperatures ” which differed by ns much as 
0-50°. Their tabulated indications could, 
however, ho reduced to those of one standard 
platinum thermometer by means of a “dif¬ 
ference formula" (similar to one originally 
suggested by Ncrnsl), of the form 

in which l p is the “ platinum temperature ” 
of tho standard, and c a constant of tho new 
thermomotor. According to Henning’s data, 
comparison of a new thermometer with tho 
standard at one low temperature, Bitch ub that 
of liquid air, determines c with sufficient 
ncouraoy. 

The difficulty of defining a low-tompernturo 
•scale based on resistance of platinum is 
reoognised in the Roiohsanstalt’s thormometrio 
definitions adopted in 191G (125), in which tho 
toiuporatmo scale below - 39° is “ defined by 
tho platinum - resistance thermometer which 
Henning bus compared with tho hydrogen 
thormomotor,” This is tho only one of tho 
definitions which is based on a particular 
existing instrument 

(iv.) Electrical Resistance, of Gold Wire .— 
Tho gold - resistance thormomotor has char¬ 
acteristics very much like those of the 
platinum thermometer. It 1ms, furthermore, 
certain advantages over platinum for low- 
temporaturo work ; it is obtainable commer¬ 
cially in much higher purity than platinum, 
has a rcsistanco-tomperature curve which is 
bettor adapted to interpolation than platinum, 
and has a lower inflection point in tho resistance 
curve. 

Kamorlingh Onncs and Clay (95) made in 
1900 a very oxact comparison of the resistance 
of pure gold wire with that of a standard 
platinum thermometer, and continued the 
work in 1907 (90) by studying the effect of 
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mnnll mnoimlH of impurities on the char- 
uiderisl.io c.nnHlants {if llio wire. 

{v.) iileclrir.nl Knainlanee of other Metals .— 
Tho rlcclricnl rimslimeo of mercury, silver, 
bismuth, lend, mid tin ban been measured 
ul, various l«>\v tomporivtiircs dotor-mined by 
gnM-lhmiuoimdoin, mid wires of these metals 
have then boon used ns secondary thermo* 
tinders. 1 

(vi.) The Thermocouple. Conxion tan : Iron. 
•—This coii|d« was first compared with the 
hydrogen flmrninumUw by llolbom mid Wion 
who found from nwtumromentH at -78° 
mid - 11)0° that the K.iM.F. emdd ho satis- 
fuotorily represented by a quadratic formula 
if the iioustmitaii was honing onomis. Inhomo- 
goneouH wire varied as much ns 2" from tho 
normal. I.ndonburg and Kriigel (7(1) in 1800, 
from nieiisuronients tit four imints with a 
hydrogen thermometer, fouml a third-degree 
(s pin linn necessary to re present the results 
within I'* from 0 to —11)0". 

Tho om 11 >le was further Hludied by Kamor* 
lingli (limes and CVoinmolin (1)8) in 11)00, 
who com pared it with a constant • volumo 
hydrogen therm nine tor at vniiuus points 
between - HO 1 ' and -250". Down to -217° 
tin, H,M. !•’. could be represented by a four-torm 
formula, whioh could be established for a now 
olontonl by calibration at four fixed points. 
No formula was devised which would ropresont 
tlm entire range neoumtoly. 

(vii.) Other Thermocouples .—Dewar in I Duo 
allowed that tho couple platinum : silver was 
miituhlo for men si no men Is «>f temperature 
liclow -250", whore the resistance thermo¬ 
meter licoonies relatively insensitive. 

The couple gold : silver, though not sensitive 
nl, 0”, iiiorniiscH rapidly in sonsitivcncBS nt 
low leniperaturos, and in hotter than either 
Momitiuitun : iron or platiunm : Gorman-dlvor 
{.| 2 ) hi,low -• 2(H)". The gold : nilvor eouplo was 
investigated liy Kumevlingh (>lines and Clay 
(1)7) in IIHIH. ‘ AO 

lj(ril) HuMMAllY KOUTJIM HANUK -27.1 TO 0 . 
(i.j Fixed Tot ills. —’The following iixetl points 
have been deterniined by in ensure men t with 
giiH-tlicriiioineters and form a reliable basis 
for the establishment and main tell anno of the 
low• temperature centigrade thermodynamic 
soldo: 


Mnlling-point of mercury - UHH.-noW 
HublhimtUui isilnt ell _ Ys-fH-O-niQ (j>-7<tO)-i--0'Or.° 

essi** 

(ii.) Ilcninhtnr.B Thermometers uml Thermo- 
firments,- -Tim pluthninwottislniico thermo- 
meter calibrated at ice, steam, and sulphur 
„ilints will give temperatures aeourato to 

,V(>:r down to ~4l)°. Below tlmfc lompom- 

{,„•() additional calihmlioiiH are nocossary and 
1 Hoo article un " Koslstanco Thermometers.*' 


recourse must bo had to a standard (able of 
rcsistaneo and temperature, with the aid of 
•which it is possible to measure temperature 
at -200° within (M)f>° or less. Gold is 
proforablo to platinum below -200°. Below 
— 250° both are relatively insensitive ; man* 
gatiin or constuntan may be used in tins 
region. 

Thermo-elements of constant,an : iron, plati¬ 
num : silver, gold : silver, and other combina¬ 
tions, may bo used over various parts of the 
range with tho aid of standardised tables. 
Their sensitiveness varies greatly and tho 
data cannot be briefly summarised. 


VII. COMl’ARtSON OK CiAS-THEKMOM'ETKRS 

with Skcondauy Standards is tun 

it A NON 100° TO 500° 

§ (35) Fixed Temperatures.-—\V e shall con¬ 
sider bore tho fixed temperatures whioh have 
been the subject of comparison with girs- 
fchormomoters, either directly or through tho 
intermediary of hoiuo temperature-indicating 
device whereby tho temperature was directly 
transferred without reference to tho device 
ns an independently operating thermometer. 

(i.) MeUinfl-pohit of Zinc. — No melting- 
points of metals have boon determined directly 
by mouHuromcnt with a gas-thermometer. 
Tho nearest to a direct determination that 
has boon made is Day and Bosnian's determina¬ 
tion of the melting-point of vine by what might 
lio called a “ substitution " method (35). Tho 
tomperaturo of a stirred nitrate bath was first 
measured near 410° with a constant-volumo 
nitrogen thermomotor at initial pressure 
501) in in., to tho bulb pf which three thermo¬ 
couples wero attached, Tho thermometer 
hull) wns then replaced by a steel vessel of the 
same shapo, containing a charge of '/.ino in a 
graphito oruoiblo, with one of the three thermo¬ 
couples immersed in tho motul (this one having 
been previously at tho contro of the bull) in 
a re-on trail t tube). Tho melting-point thus 
determined was d ll)-2B°. 

An indirect determination, using platinum : 
platinrhodiuin thermocouples as intermediaries, 
was made by .Day and Sosman (37) in 1010, 
in connection with a series from 400° to 1550 , 
and gave thp value 418'2° on tho constant- 
volumo nitrogen sonic. Subsequent investiga¬ 
tions, however, showed that the lack of uni¬ 
formity in tho air-bath designed and used for 
tho high-tomporaturo scries caused low readings 
at 400°, although tho difforonco disappeared 
above 030°. No weight is attached, therefore, 
to the first vnhio of 418-2. 

(ii.) Boiling-points of A aphlhalcne, Diphenyl, 
and Banzophenone .—The only direct detorniina- 
tiona of those points are those by Jaquciod 
and Wnssmor (73) in 1004, and Crafts (33) in 
1913. Jaquerod and Wnssmor measured the 
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' ,l »»1 i ng-|H>iuta under varimi.s pressures by 
OitiiH of u constant-volume hydrogen thermn- 
Uio tor with glass bull), obtaining the following 
u li ng-poinis under atmospheric pressure : 


IN ilplitlmleni! 
i >i (tlicuyl 

I It ni/ii|ilietioi)(' 


2L7 08’-| O-OiT? (p - 7(50) 
2544)3° >(>•<)« 1 (/»- 7(i0) 
iinn-ir-i iio«:» (/,- 7W») 


A Inter determination on naphthalene by 
>1 nt| , u , r( i,| mul INsrrot (72), with a eonstanl- 
hydrogen thermometer with fused 
nilioii bulb, gave 2I7-84 0 at 7(50. 

< 5 1 'nfls determined the boiling-point of 
11 s i j >lil,lmlene direetly on the constant-volume 
nil in igen thenuomelei' at initial pressure 
7.17 mm., obtaining the value 21H4)I)°. 

Day and Homniui (llfi) made an indirect 
»L i t.i'v'mination of the beii'/.nphonono point in 
It) by transfer with thermocouples. Tho 
In »i ling-point on the constant-volume nitrogen 
tuotle at initial pressure fiOO mm. was found 
t«» lie :iUd-K7". 

<iv.) H<>iiii<U-point of Sulphur .—The boiling- 
point <>r sulpiiiir has been a rallyiug-point for 
all j*H!i-th<u’inomelor investigators working in 
the range I(10" to 500". The determinations 
lmf<n-e IHt)() were not suHieiently accurate to 
i-c-i | iiiro discussion here. In I Kill) (lallendar 
hi til (IrillitliH (ID) determined the point in- 
(lir<>otly, with the platinum-resistance llier- 
ttti •motel' as intermediary. Chnppuis and 

I ! iii'Uer (24) determined it in the same manner 
i»i 1002. I'lumorfopoulort (17) made a diroot 
1 1 1 > 1 1 m' inination in 11MW. Another indirect 
('loicM'ininiiliuu with a platiuum-resifllance 
iul.tirmediary was made by Holborn and 

II mining (01) in 1U11. I’inally, direct deter- 
Hi itmUoiiH were made by Day and iSosmun (Hf») 
in 1.012, by Eiimorfoponhm (*10) in 1014, and 
by Chappuis (2!!) in 1017; and an indirect 
< loLnnuinnfiun by Dickinson and Mueller in 
11M2 in eo-operation with Day and Sosman, 
n mi ng Day and Sosman’s nitrogen thermometer 

^ | {nth uonstuiit-jiiesmuo and oonstant-volnmo 

L-lioniionieloi's have been used in determining 
tlio point. The gases employed ami their 
i i li (.lid pressures, together with tho final results 
c*ji-liiidutnd in terms of several scales with tho 
tkii l of Buckingham's eorroetions, are shown 
in 'l.'iihlo 1). 

r l’be value by Ulmppnis and Harkor was 
mu Imminently corrected by the authors tliom- 
kciIvcm in view of nmv and more accurate 
«I*j tonninulioiiH of the oxjiansion eoelTlcient of 
tlitsir porcelain bulb. The value by Eumorfo- 
I 1 < mins in 1D0K was eorreeted by Uallondar and 
iSIiiHH (20) in 1010 with tho aid of now deter¬ 
minations of the expansion of mercury, used 
| iy Eumorfo]iou!os to obtain the expansion 
<,r Ilia glass bulb. Tho determinations by 
Kiiinm'fnpmilos in 1014 were made with tho 
csonHtanli-pi'cssuro nitrogen thermometer at 
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two pressure*, 792 and 115 mm., and thus 
normitted a direct calculation of the thermo¬ 
dynamic temperature, which the author places 
at 444'fil 0 . However, to avoid confuHion 
in the comparisons in the table, we have used 
a uniform set of corrections for these ns well 
as the other determinations. 

It is now fairly certain that the hist three 
determinations in the tnblo arc too high. 
By ail unexpected coincidence the original 
Callendar value, on the constnnl-prcmirc air 
scale is practically tlio same as the value on 
the thermodynamic scale now most widely used, 
hut it should ho emphasised, in order to avoid 
possible confusion, that this is a coincidence 
and not an agreement. 

s(30) Combination ofTiikumai. i hockutiks 
and Fixbi> Points, (i.) decimal Resistance 
of Platinum Wire. — Tho experiments of 
Oallendar (10) hi 1880 Blimvcd that the 
platinum-resistance thermometer could bo 
mado a very precise and convenient secondary 
thermometer. Ho used a constant-volume 
air thermometer, at an initial pressure of 
about 1 atmosphere, with soft glass, hard 
glass, and porcelain bulbs, and determined 
the resistance of platinum wires, which wore 
Healed into the glass bulbs, at various tempera¬ 
tures from 207° to 024° {071° with porcelain 
bulb), together with a fow oheok results in a 
preliminary series at lowor temperatures, lho 
results as a wliolo showed that the resistance 
could lie expressed by the quadratic formula : 


E-l+d+Jtt*. 

“# 

which was put into the form, mom convenient 
fur calculation and use, of tho two equations: 


l P t —100 x 


I t-Bo 

ltioo ~ Bo 


and loo} 


'L’he eomparison made in 1801 by (lallondur 
and (liillltbs (111) has been referred to in § <20) 
ii. .Except in three cases tho agreement with 
tho constant pressnfe air thormomotor was 
within 04)12°, _ 

A further oxnct test of tho platinum-resist¬ 
ance formula was made by OhappuiB and 
Barker (24) in 1002. Having found that tho 
prossuro of hydrogen in a glass bulb decreased 
progressively at 180° and higher, the authors 
abandoned hydrogen and used nitrogen at 
initial pressures of 1102 to 7011 mm. One 
series was also mado with a porcelain bulb. 
Three resistance thorinoniotors wore used. As 
a result of comparisons at a largo number of 
points, it apponrocl that the Calloudar foniiula 
would represent tho true temperature within 
0T 0 between 100° and 250°, and within 0-8° 
botwcon. 250° and 450°. Tho authors con¬ 


servatively staled that “ rigorous conclusions 
cannot he. drawn concerning lho application 
of the Callendar method to the calibration of 
platinum thermometers. Further comparisons 
are needed with the gas thermometer and of 
various resistance thermometers with each 
other.” 

Tho desired recomparison was not com¬ 
pletely forthcoming until 1911, when Hoi horn 
and Henning (04) published their work on 
nitrogen, hydrogen, and helium thermometers 
from 200° to 450°, although comparisons at 
150" and 200° wore published by these authors 
(03) in 1908. 

The 1008 comparisons showed that, when 
the sulphur point was taken as 445-0' 1 , tempera¬ 
tures near 150” and 200°, interpolated hy tho 
resistance thermometer, agreed with the 
centigrade thormodynamio scale within 0-05°. 
Hoonlculabion on tho basis of 444T>6° for tho 
sulphur point, however, makes the deviations 
0-04° to 0-07° larger, but still leaves tho average 
agreement within 0T". 

In tho lt)ll comparisons dift'erences of 0-0»° 
to 0-11° wero found between bulbs of Jena 
glass and fused silica containing nitrogon, but 
tlioso differences wore ascribed to uncertainty 
in tho expansion of the Jena glass. Tho nitre- 
gon-iu-sillca temperatures differed from those 
with helium and hydrogen hy about the 
amount to be expected from llertbelot’s and 
Buckingham’s gas-thermometer corrections. 
Taking the temperatures obtained with 
hydrogon and helium in glass and silica as 
standard, therefore, it appeared that these 
temperatures could ho interpolated with an 
accuracy within (M>8° ut 200" and O'05” ut 
400° with the aid of the Onllondnr formula 
and calibration at ice, steam, and sulphur 
points. 

(ii.) Platinum-metal Thermocouples. —Ihil- 
born and Day (01) made in 1.800 tho first 
thorough-going comparison of tho platinum : 
00 platinum, 10 rlmdium couple with a gas* 
thormomotor. They continued tho work in 
1000, revising tho curlier data with tho aid of 
now values for the expansion of tho bulbs. 
Their comparisons with the constant-volume 
nitrogen thermometer extended from 105° up. 
It was found possible to represent tho E.M.F- 
in tends of tomporaturo by nil equation of the 

form * 

c —u-i-bt + cl 1 

over the rango 250° to 1.100°, with an neon racy 
of 1° or hotter. A similar formula hold for 
couples of platinum : 00 platinum, 10 ruthe¬ 
nium and platinum : rhodium over the same 
range. Tho couple platinum ; iridium, how¬ 
ever, deviated from this formula below '100° 
by Hovornl degrees. 

The nitrogen-thermometer comparisons by 
Day, Clement, and Bosnian (30) (1008-1012) 
showed that a quadratic equation would ropro- 
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tlio KM. F. of Uui platinum : phi tin- 
1 'ltoilliiin, couple from IJiH) 0 1«> Ilu(»° within 
tl'IS". 

(iii,) Oopper-r.onslitnlan Therm nonuple. —Al- 
Oioufrli tliin couple has not boon directly com* 
|iiu'(mI with a gas-thermometer at a series of 
tom jiurntures between 100° and 500'', Adams 
ivml riuhnslon (3) wore able, by elitism*' the 
HUiiiHuremenls of Ray and Sosman in 1012 at 
and by measuring tint 1'l.M.F. at fixed 
pciinlH which had been otherwise interpolated, 
l<> mIiow Unit theeniipln will roproduco tempera- 
luu'ou between 100“ and 300° with an aeeurney 
of (102°. 

(iv.) 1 nlerpnlnle.d Fixed Points .—Day and 
■Sunnmn determined the melting-point, of 
wtint hi in by inlerpolatiou with therinoeouplos 
inillliruled against the nitrogen thermometer. 

1 led born and Day, after calibrating plati¬ 
num : |ilnlinrhodium thermocouples against (he 
nitrogen thermometer and obtaining their law 
nf variation, used these eon pies as secondary 
therm ((motors to determine the melting-points 
of lutdnnum, lend, and tint'. 

M iillxmi and Henning, after satisfying thorn- 
Helves that their resistance thermometers, 
with tho Callimdar formula, gavo conslant- 
voltinu) hydrogen and helium temperatures 
with an accuracy of 0*03" to interpolated 

tho melting-points of lilt, cadmium, an<l zinc, 
mill tl>n boiling-points (>r nuphlluileMC and 
hr.nznjilicnone, with their resistance lliormo- 
inelci'H. 

Cmftn (32) determined the boiling-points of 
mtpfUhttkne. and be.HZuphe.noM by means of 
mormiry thennometoi'H standardised against 
it (iniistaut-volume hydrogen thermometer, 
obtaining the values 218*08° and 300*1° ro- 
np«*otivei,y. 

In addition to tho foregoing data, which 
may be called “ primary ” interpolations, 
thorn have been various “ secondary ” inter¬ 
polations or fixed points not directly connected 
with any gas*thermometer observations, but 
lmni'it solely upon other fixed points which 
bad I men determined by means of gns-thormo- 
moteni, taken in conjunction with a law of 
variation made probable by still other gns- 
thnrmomoter observations. -Such intorpoln- 
lioiiH, including those by Ueycock and Neville 
(n7), Uullemlar and Urilllths (10), Waidnor and 
HiirKess (12:2). Tiuvoih and Gwyor (113), and 
Ailnnm and -lolmstim (3), are, strictly sj>caking, 
imlHide the scope of this article, lmt arc in- 
i*lmli.uI here for the sako of comparison. All 
of the interpolated data, together with tho 
diroot and indirectgas-thermometerdotermina- 
(iiuiH, mo enlleeted in Table 10. 

Si (H7) TiniBMAT. PUOPBHTIKS. (i.) Index of 
Jiv/niPlion of (lam .—.In 1805 R. Bert helot (10) 
mingested that tho density of a gas at a known 
nrimsuro (atinosphorio), and honcoits tempera¬ 
ture', could bo dotormined by measuring its 
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index of refraction. Tests of the method at 
the boiling-points of alcohol (78”), water, and 
aniline (184°) gave deviations of 0-05° to 0-12° 
at 78°, 0-03'’ to 0-12° at 100°, and 0 08° to 
0-33° at 181°, from tho known boiling-points 
of these substances on the normal hydrogen 
scale. The method was therefore considered 
promising enough to be extended to tempera¬ 
tures above 500°. A fuller discussion of it will 
he found in Part V1IT. of this article. From 
the results given above it appears that in the 
range just above 100° the method is not as 
precise as mercurial or resistance thermometry. 

(ii.) Total Radiation of n Hind: Ilodij .— 
Valcntiner (115) has obtained values of a, tho 
constant of the Stcfan-Bolt/.nnmn law, from 
measurements at the boiling-points of water • 
and of sulphur. These are fully discussed 
elsewhere. 1 

§ (38) Summary for the It a nof- 100°-500°. 

(i.) Resistance Theymoinctri/.—T ho Cnlleudnr 
formula applied to a platinum-resistance ther¬ 
mometer meeting the specifications of the 
lleioh sans tnlt, s calibrated at ice, steam, and 
sulphur points, will give either normal hydrogen 
scale temperatures or centigrade thermo¬ 
dynamic temperatures, depending upon the 
scale in which the sulphur point is taken, 
within 0*05° at 200° and within 0*1“ at 400°. 

(ii.) Thermocouples .—A cubic formula for e 
in terms of f, applied to the copper-constnnhm 
couple calibrated at three fixed points such us 
the boiling-points of water, naphthalene, and 
biuv/.ophcnonc, will give normal hydrogen or 
Uiormodynamio scale temperatures within 
0-05° in tho range 100° to 350°. A platinum : 
platinrliodium couple calibrated at two points 
to determine its deviation curve will, when 
UBod with Adams’ table (1), give temperatures 
within 0-2° at 200° and 0*3“ at 500°. 

(iii.) Fixed Points. ■—Tho following fixed 
points are suitable for tho establishment and 
maintenance of n temperature scale with the 
aid of soooiuhuy thermometers, and are known 
on tho thorinodynamlo scale with the accuracy 
indicated, assuming tho materials to bo tho 
purest now obtainable : 


Boiling-point of naphtha-/217 , 03+O*O58G»— 7G0). 

Inuo l „ ±0 ' 05 

Melting-point of tin . . 231*85±0*1 

)tolling-point of honzo-/80MI +0*00801- 1 60V 
phononn \ 

Melting-point of cadmium 820-0 ±0-1 
Melting-point of zinc. . -IlfN ±f|, 2 

1 4J4*fi5 + 0*0008(j*— 7fi0) 

\ -0*0Ul)017(j*-700)«±0-l o 


Boiling-point of sulphur 


Some of these substances are now obtainable 
ns certified samples from the national standard¬ 
ising bureaus (for example, tin and zinc from 
the National Bureau of Standards of the 
United States). 


■ Sec article on “ Palliation, Determination of 
Constants," Vol. IV.; also Part VIII. of the present 
nrt.lclc. 

5 See summary of Part V. of this article. 
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V j I I. COMl’AUISON OF Cl AS - TUKKMOMKTKUS 

with Si:coni*auy Standards in the 
JiA NO 10 500° TO 1000° 

f? (:J1)) IllHTOHY. (i.)J7iMMp,1828.—The first 
Lif-^lk-tonijHN'atiiio thermometer based on the 
t'x lijinnioD of gases, so Ear ns we now know, was 
iHiulo l>y I’rinscp (102) uiul described by Inin 
I W2S. lie used a bulb of gold, connected 
'vitlk a sensitive manometer with which to 
iiuiiiitnin the gas (air) at. constant pressure 
wi till in, and connected also with a reservoir 
' >I" <»livo oil ; tlio expansion of tho air in the 
Lull) displaced a proportionate amount of oil, 
vvli itvli was caught and weighed. With this 
•ii.I j 1 larntus ITinsop made excellent temperature 
lYioiisimuttonts, chiefly of tho melting-points 
iif l.bo alloys of gold, silver, and platinum, 
wliUdi bear bis name, and are still soinotimos 
naed, 

<ii.) Pnitillet, 1811(1. — I’rinscp was quickly 
followed by Mir Humphry Davy and several 
othniH, all employing the expansion of air at 
<.;«»! iHln.nl pressure, hut none eontrihuting 
nuxtoriully to the improvement of Prinsep’s 
rt] > i miutus until Ponillet (101) constructed 
1 iIh iuntrunmnt in IHSlfl. Poulllet’s hull) was of J 
[ilivtininn, wliie-h enabled him to reach the 
hi^lirsl. temperaturcH, and liis experimental 
| h i ltuului'e, with hub slight modifications, is 
tlutl. employed in later years liy Callendar 
uni I bis assoelatcH. It was I’ouillet also who 
ituidc and ealihraled the first practical 
t-l i orum-element (platinum-iron), who antlei- 
po Ltul the method of measuring temperature 
tli rough determinations of tho speoilio heat of 
plutinmn siilisequeiifly dovoloped hy Viollo, 
and wlm made some Htudy of tho radiant onergy 
Hont out hy glowing solids. In varying 
and’ with many of tho inevitable 
limitations of the pioneer, Ponillet not only 
dished gns-thernminetiy upon a sound 
1 »uniH, hut Inlrodneed several of the Important 
I iruoUiuil methods of pyroinotry whloh have 
Ihmui in use since his lime. 

Knllmving Ponillet, therefore, tho ndvnneo- 
immf of pyrometrie moasurement became to 
jv oimsldembln degree a question of perfection 
uf experimental detail rather than of the 
t'lovolopinont of new principles, and so, with 
l ine nr two exceptions which will ho noted 
|U-«.'Hontly, it has since remained. Regnnult 
In particular made in 18-I7 a number of im- 
]^>rovoiiinul'H in tho I’ouillet instrument (103). 

'I’lie first gas-thermometer which measured 
■tilio expansion of the gas under eonstant- 
vidami) appears to liavo been built by Silbor- 
tnaaii and .Tnequelin in 1853, but it was only 
imlUl’immtly suecossful. Effcotivo use was 
li«*nt made of tho method in the work of 
IIie<!<(iiorbl, dosorihed below. 

(ill,) El. Olaiir.-De.viIU and Troost (39), 1857. 
-XI. was soon after this that a real catastrophe 


occurred in the development of the gas-ther¬ 
mometer. Dcville and Tmost (1857), desiring 
to use a heavier gas in place of air, introduced 
iodine into a bulb of porcelain and made 
determinations of a number of constant 
temperatures, most- conspicuous among which, 
in the discussion which followed, was the 
boiling-point of zinc, which they ascertained 
to be 1010°. 

(iv.) Edmond liecquerel (9), 1803.—Becquerel 
followed in 1803, using the I’ouillet apparatus 
with platinum hull) and air ns the expanding 
gas, and reached tho conclusion that zinc 
boiled at 932 c , more than 100° lower. In the 
controversy which followed, and which was 
maintained from both sides with considerable 
bitterness, those observations were repeated 
by both observers with substantial confirma¬ 
tion of the first results, Devillo and Truest 
maintaining from experiments of their own 
that Becquorel’s platinum bull) was permeable 
to hot gases, and that his results must of 
necessity he too low. To this contention 
Becquerel replied convincingly hy using a 
porcelain bulb himself (still retaining air ns 
the expanding gns), with both tho constant- 
voluine and constant-pressure methods of 
measurement, and announced a result (891°) 
even lower than Ids previous determination. 
Notwithstanding this, Devillo and Truest 
were unwilling to regard the result ns con¬ 
clusive, and looked upon the discrepancy 
between Deequcrcl’s earlier and later results 
(932° and 891°) with unconcealed suspicion. 
They reiterated their belief that tho platinum 
bulb was permcablo and that Beequcrel’s 
results with porcelain bulbs were still too low 
through failuro to expose the bulb directly to 
tho zinc vapour. Beequorel’s bulb had been 
shielded from tho direct action of the zinc by 
a protecting lubo. .Devillo and Troost then 
repeated their own measurements aiul again 
obtained their earlier result. Becquerel, follow¬ 
ing, insisted that his measurements with the 
platinum bull) wore not seriously affected by 
permeability to hot gnsos, a property with 
which lie appeared to ho familiar, and ex¬ 
plicitly criticised the uso of iodine by Devillo 
and Troost. 

Tho discussion ended hero for the moment 
without a decisive issue, but subsequent ex¬ 
perience has substantially confirmed Becquerel 
in his contention and his numerical results. 
Tho high value obtained by Dcville and Troost 
was undoubtedly duo chiefly to the dissociation 
of the iodine at high temperatures. 

The real catastrophe in the development 
of tho gas - thermometer, however, does not 
lie in the uncertainty of the results obtained 
with it hy these distinguished observers, nor 
yet in tho subsequent discovery that iodine 
is an inappropriate expanding medium with 
which to measure temperature ; but rather 
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in t-1 1 o diaoivdit in which l.lio platinum fmllj 


raine It> lin hold mid the universal substitution 
llimofiii- i»F porcelain—a malarial of wholly 
uncertain chemical composition and physical 
c.lmiaoltiriHliisM. Thin was a backward stop 
wliii'h wan mil. roliinvod for more than thirty 
yen op 

Dnvillti mill Triniat (40) than entered upon a 
Ion;' Kories of experimentswith porcelainginned 
inside mid outHiilo with feldspar, in the course 
of which it appeared that tho expansion of the 
1mlli, a factor of groat importance lioth then 
and now in gnu - thermometry, was variable 
with the temperatures to whioh it Inwl previ¬ 
ously lieon exposed. Those irregularities 
diminished with continued use, unci were 
thought to become negligible in bulbs of 
lluyonx porcelain after a few healings to a 
very high temperature. 

(v.) Ifr.tjHuuU (104), 18111.—During tho pro¬ 
gress of tho above investigation Hcginiult was 
lit work upon a displacement method (boiling 
mercury in an iron flask and estimating the 
(empnmliiro from the quantity remaining in 
the Music after cooling), which did not provo 
satihfaelury. Hcliinz, Uoi’tholot, and Wein- 
huld suggested Home niotlillculicins of thin 
and oilier conlempomry niobhiidH, lmt none 
of them proved of permanent value. 

(v’i.) Hr hard and Ucherlcl (45), 1871).— 
Erhard and Soluirtel rcdolormincd tho melting 
temperatures of the Trimiop alloys in 1870, 
using a bulb of Meissen porcelain and air ns 
ex [landing gas with considerable success. Their 
work contributed little of novelty, hut was 
carefully done, and the results iiavo sinco 
linen extensively used. 

In 1880 Devi lie mid Tro.ist rcap]ioarod in 
(ho Held, after a long silence, and also pro- 
posed it diiqilneonmnt scheme containing 
some improvements over the apparatus 
proposed l.y Itegnaiill, Nitrogen was liorc 
used in place of air, but otherwise the method 
possessed inmilliciont ucmiracy to secure for 
it general approval. 1 ti Hie same year they 
published a Hiimnmry of all thoir work on 
liniliiig /.inc, giving 1)12° as the mean of 27 
(IntoriiiiiiafiiiiiN, whioh way (for that time) in 
good agreoment wit h Heequomi’a 11 rut value, 

uaa*. 

(vii.) VMk (120), 1882,—rn tho sumo year 
(1882) Violle, using Dcvillo and Troost’s 
mutliodH and apparatus, fmnul '/.inc to lmil 
at 080", and thus added a further dogroo of 
probability to tho determination of Hccqiiorol. 
Violle ceiiliimet 1 his resenrelies by determining 
with the guH-tlioriuomuter tho Hjiecillo iioat of 
plaliiium for a inunher of temperatures up to 
L200". 

In Iho dcmulo between 1882 and 1892 con¬ 
tributions to guH-lhorintiniotry and the 
mciisuremcnt of high temperatures aro few 
ami unimpi>r Iant, but investigations wore 


begun in those years on both sides of tho 
Atlantic, namely, those of Bams at the U.S. 
Geological Survey in Washington and of Hoi- 
born and his colleagues at the lloichsanstnlb 
in Chariot ten hu rg. 

(viii.) Bunts (5, 7), 1889, recognised, as no 
observer who preceded him had done, the 
superlative importance of a uniform tempera¬ 
ture distribution about the gas-thermo me ter 
bulb for purposes of high-temperature measure¬ 
ment. lie sought to avoid irregularities due 
to the shape of the apparatus mid the hso of 
gas flames by a method of great ingenuity, hut 
also of great technical diitieulty. Ho enclosed 
his bulb within a rapidly revolving inutile 
(5, 0), which by its motion protected every 
portion of the bulb from direct exposure to a 
particularly hot or a particularly cold portion 
of the adjacent furnace. This complicated 
furnace structure and consequently inaccess¬ 
ible position of tho bulb made it necessary 
to use thermo-clcmcnts which were first cali¬ 
brated by oxposuro in tho furnaeo with tho 
bulb and then used independently to measure 
other desired temperatures. Tho thermo¬ 
element has continued in goncrnl uso in this 
intermediary rfilo sinco that time. 

(ix.) llolborn and Wien, 1892.— In tho same 
vear in whioh Barns published his final memoir 
on tho gas - thermometer and the thermo¬ 
element (1892), Meibom and Wien published 
a paper ((Hi) oovoring nearly the same ground 
in fclio same general way, but with somewhat 
difforont results, Both used air ns tho ex¬ 
panding ’ gas, both used thermo-elements to 
transfer tho standard gns temperatures over 
to tho substance to bo measured ; but llolborn 
and Wien attained to higher temperatures 
(above lHOO"), while Barus took much greater 
precautions than ids German contemporaries 
to secure a uniform temperature about his 
bulb. The arrangement adopted by Holborn 
mid Wien possessed the further advantage 
that tho thermo-clement was entirely enclosed 
within the hull) itself and-so was well pro¬ 
tected against the contaminating influence 
of furnace gases, besides giving a truer record of 
the aotunl temperature of tho expanding gaa. 
Ovor against this it should be stated that the 
volume of tho indicated portions of their 
bulb and manometer connections, which then 
constituted tho chief sourco of error in all 
gus-thermometer measurements, was danger¬ 
ously large. 

After 1892 Barns turned his attention to 
other things, but llolborn and Wien published 
a second artielo (57) in 1895 confirming and 
extending their earlier results. By employing 
a specially refractory porcelain bulb they wore 
able to continue the gas measurements 
nearly to tho melting-point of nickel. 

(x.) llolborn and Day (01), 1899. With 
tho advancing donninds of scicnco for trust- 
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Wi irlliy high-loinpeiuliire measurements, tins 
-'“K 'lilVereimes in Mm absolute temperature 
»J tlin nidlmg-poiui „r gold, AvliioU i s im id ea | 
mi I minima lor n lempomturo constant, booh 
11,1,1,0 t " ,>l ' regarded ii h unsatisfactory, mid the 
wliulo pnihlom wan again takon lip at the 
Ifi'mlimuislalt hy llnllami and Day, with a 
viow to clearing up these differences. At that 
( iruo Hit! gas - thermometer was in serious 
i lunger of railing into disrepute as a physical 
instrument of precision. Holla,m aiul Day 
l»o|-nn l,y using hnlhs of Royal Berlin porce- 
luin, Imt, after (ho investigation had proceeded 
lor a year or more, abandoned them definitely 
mid permanently to return to the old platinum 
Ini 1 ]> of I'ouiHof, with an appropriate gas 
(nitrogen)' whinh could not ]ieuetrate the lnilh 
wall. A furtlu!i‘ improvement of incHtimnblu 
vidno in attaining constant mid reproduoihlc 
ei uiilitiona was made when eloetrie heating-coils 
worn nil list it n led for gas. With this change 
the eonlamiiialimi of the thermo•cleiiionts 
llirongh the antion of combustion gases, the 
danger of mm or other of these gnses pone- 
traliug the Imlli wall itself, irregularities of 
Imnpciuluro ahimt the lmlh, and inndeiniate 
nnulrol of the heat supply, were all eliminated 
or much reilueed in magnitude at a single 
nl i'oke. Several metal melting - points were 
wlnMinhed an points of reference for the 
liigli-temperal.im, scale, which soon found 
general acceptance and were almost universally 
used until within a few years. 

Mince the beginning of the present century, 
1ml. four atlcmpls have been made to roach 
I ODD" (!. with the gns-thermo motor. These 
nmy In, I alien up in the order of their publica¬ 
tion as followM : (1) .1. A. Ilurkor (11KD), using 
a poreelain Imlli and nitrogen; (2) Jnquorod 
mid I’errot (1005), using a hull) of “quartos 
glima’ 1 and various gases ; (!1) Jlolbom and 
Vnlentiuer (1110(1), using one Imlli of platinum 
mmluiiiing 20 per cent of iridium and ono of 

I in re iridium, both with nitrogen as the 
expanding gas; and finally (1) ' Day and 
(lenient (WON), and Day and Somnini (1010), 
using I ml I m of platinum containing 10 por 
unlit of ii ■idiom and 20 por cent of rhodium 
renpeelively, 

(xi.) Ilttrlxr (51)..The work of J. A. 

II urker id; tho National Physical Laboratory 
(England) does not differ in any important 
particular from the work of Holhorn and 
|>ny which immediately preceded it at tho 
Heielisniisfalt, His instrument was an exact 
duplicate of the Roiohsaustalt instrument by 
I lie sumo maker, except that the bulb was of 
porcelain instead of platiuiridium. 

f xil.) .hiqnv.mil awl Pcrrot (72), 1005.— 
,!ut|uernd null Remit sought to establish a 
liiuli-temperaturo scale from which two of the 
important sources of uncertainty in previous 
work should bo eliminated: (1) tho uncer¬ 


tainly due to differences in the expansion of 
the various available gnses ; (2) any uncer¬ 
tainty which might enter the problem through 
the expansion of the containing vessel (hull,). 
Their results toward tlie accomplishment of 
their first object Imre been discussed in 
Part nr. To accomplish the second they 
selected for the material of their bull, a sub¬ 
stance whose expansion coefficient was less 
than one-tenth as great as any which had 
been employed for the purpose up to that time. 
Both improvements afforded most valuable 
information. 

(xiii.) Holhorn and Valenliner (05), 1000.— 
The experiments of Holhorn and Valentiner 
contemplated another definite and important 
step in advance. Theirs was the Jirat serious 
effort to extend the gas scale itself from 1150° 
C., where all previous investigations had been 
halted, to 1G0(P 0. The difficulties confront¬ 
ing such an undertaking arc obvious and of 
an insistent kind. Of tho limited number of 
substances available for use as bulbs none 
is without serious limitations at these extremely 
high temperatures. Porcelain becomes soft 
and its walls both absorb and generate gas 
in prohibitive quantities ; silica glass devitri- 
lies; pure platinum ia very soft ami is per¬ 
meable to hydrogen ; when stiffened with 
iridium or rhodium it is tho best material 
available but the iridium is destructive to 
tho thormo-olcments, and the bulb is likely 
to develop leaks and is permeable always to 
hydrogen if hut a trace of tho gas or of water- 
vapour is about. Furthermore, the difficulty 
of maintaining a constant tomporatmc about 
a bulb of 200 c.c. capacity increases at those 
temperatures, and tho difficulty of measuring 
with thorino-clcments within tho furnace is 
greatly increased hy the conductivity of all 
insulating material. It is also a matter of 
no inconsiderable difficulty to generate and to 
regulate accurately tho quantity of heat 
required for a lmlb of this size under con¬ 
ditions where nil eleutrien! insulation begins 
to break flown, and to protect the mercury 
manometer from so hot a furnace without 
removing it to an impraoticnblo distance. 

Their effort demonstrated beyond por- 
adventuro Hint the extension of tho gas scalo 
to 1000° was practicable, 

(xiv.) Day, Clement, and 8human (1908- 
1012), —Having in mind tho diminution of 
errors duo to lack of uniformity of tempera¬ 
ture in an air-bath, Day and Clement (34) in 
1908 constructed a gas-thermo meter with a 
plntimim-wire-wound furnace especially de¬ 
signed to produce uniformity, and with a bulb 
made of an alloy of DO parts platinum and 
10 parts iridium. Thoy also proven ted both 
variable and constant errors caused by tho 
difference in pressure between the inside and 
out 3 ido of the bulb, by enclosing it in a furnace 





800 


TEMPERATURE, REALISATION OE ABSOLUTE SCALE OB' 


jacket containing nitrogen or air at the sumo 
pressure ns (lint within (lie Imlb. They further 
reduced the muguitudo of the constant. correc¬ 
tion duo to ( ho “imhmtcd s/wieo ” to a much 
smaller valuo than had been attained before. 
By means of a cap having the shape of the 
mercury meniscus, the unheated space ratio 
was reduced to 0-0015. 

To avoid the errors duo to contamination 
of llio intermediary thermocouple by iridium 
volatilising out of tho bulb, this gns-thor- 
momotor was then further improved by the 
substitution of a bulb made of an alloy of 
80 parts platinum and 20 rhodium in place 
of the phi tin iridium bulb. With this apparatus 
Lay, Bosnian, and Allen (37, 38, 30) made in 
1908-1910 nil extended series of gas-ther¬ 
mometer observations, using nitrogen at 
initial pressures of 217-3-17 mm., and platinum- 
plutiurhodium thermocouples to transfer the 
temperatures to a series of melting-points 
of metals and silicates ns fixed temperatures. 
All of tho materials used wore analysed to 
determine their purity. 

§ (-10) li'ixi-m Thm i* Kit at itu ms. (i.) Melting- 
point* of Metufo.—-Several of tho earlier in¬ 
vestigations of the high-tomporaturo scale 
imulo comparisons between tho gas-thor- 
mometcr and tho molting-points of metals. 


E.M. nnd radiation, and the. fixed tempera¬ 
tures determined in connection therewith wore, 
so to speak, tertiary standards. A discussion 
of these ineiisnromon ts belongs properly in 
tho third part of this section. 

Tlio only exception was tho series of measure¬ 
ments of tho melting-point of gold by >lac|ucrod 
and Poi-mt (72) in 1905. They determined tlio 
tomporaturo of the molting metal directly 
in terms of constant-volume thermometers 
containing air, nitrogen, oxygen, carbon 
monoxide, and curium dioxide, obtaining as 
a mean value for the melting-point 1067-4 
± 1 - 8 °. 

Tho most accurate determinations of metal 
melting-points above 500° in terms of a gas- 
thermometer aro thoso of Day, Bosnia)), 
and Allen (37) in 1910, They first measured 
tho E.M.If. of several platinum-platinrhndium 
couples at a fixed temperature, then placed 
these couples together with the,thermometer 
lmlb in an electric resistance furmvco and 
brought the temperature as nearly as possible 
to the same point. The determinations aro 
thus nearly independent of tho law of variation 
of tho thermocouples with tc/npomfclirc. 

Their melting-points, in the scale uf the 
constant-volume nitrogen thermometer al 
initial pressure 350 mm., are given in Table 11. 


Tahi.k 11 

Mnr/riNo-roiNTH or Metals as dntkuminud iiy Day, Busman, a no Allen 
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"‘•ti turning a ernmdomblo volume of boiling 
■ 1 K'-lnl led to i 1 h abandonment fi,r work above 
* mul no high-temperature mi;till boiling- 
1‘oinlH have boon determined with fho gas- 
•■iHii-inmnolnr since 180<J, either directly or with 
,L transfer device. 

(iii.) Mr.lti hi/ -points of Inorganic. Compounds. 

' Tho work of Day, Clement, Bosnian, and 
_Allfii ill. fho <ieophysieal Laboratory was 
by fho need of a more exact thermo- 
iiuiLi io settle above 11(90° for use in invesli- 
mih on the silicates, and several silicates 
worn accordingly used ns lixed temporntures 
»»r inference. These tiro contained in Table 12, 
(' V-int.linr with fho limiting-points of two salts 
* Ini nriuiucd by While with thermocouples 
into room pared with the gas-thermometer 
to m |tics. 

'I'.l II I. K 12 


Wi'XrrNii-roiNTrt ok Inouoanio Comsounds 
ah oKTiaisimnn nv D.w and Sohman 


('miipnUlld. 

Formula. 

Tempni atari'. 

t-tndium clilnrido 

NuOl 

800 ± 1 

H« xLimn Hiilpliulo 

NiuKO.j 

884 ±1 

1 .ilhimn mclmiilh'iili’ 

l*i 2 Si() 3 

12011-1 

l)io|i!ilile 

('iuMg8i a O 0 

1801 ± 1-5 

Anorllillo . 

< luA! 2 Si.,(> 8 

IfiCO -l 3 


$ (■!!) Tniomu.u. I'noi’KimcH. —The following 
roproducible fliornml properties have boon 
ntiidicd with Mui aid of gas-thermometers' in 
Urn ninge above 500" : 

The specific heat of platinum } tho index of 
mfmolion of nir ; llio total radiation from a 
lilu.nk liody j the mdinted energy correspond- 
iiijr to a given wavo-length in tho radiation 
from n lilnelc liody, 

(i.) *S Hail of Platinum .— Tlio dopoiul- 
<mno 111 iti■ i toinporuturo or the mean speciilo 
In •at of platinum from 0° was found by 
Vi. die (117) with tho aid of Deville's constant- 
volume air-thoriuomot-or with porcelain bull), 
to lie given by the oifualiou 

() <)-0:iJ7 l li.x l()- n f 

from 100° In I 177°. Thu spocillo heat of 
) »Iil( ilium wmi then lined by Violin ns a second¬ 
ary tliernmmnlrio property for tho delorminu- 
th'm of the melling-jiointM of silvor, gold, and 
nopper (Mil); ulwi, by extrapolation, for tho 
iiHilting-poIntn of palladium (118), platinum 
(117), and iriilium. The values are now only 
of liintorienl intorest. 

The nieHHiii'oimmb of heat energy is logically 
,mi) of the Him pleat <»C physieal measurements. 
I>metieiilly, it "f tho most difficult, 

no elusive and uncot)finable is the thing which 
it in desired In inwmuro. For this reason, and 
alsn heamise of diniovilticH in tho manipulation, 
Ihormometry by onlmimotno methods has 
nover heeomo popular. 


(ii.) Index of Refraction of Air. —Experi¬ 
ments at pressures of 1 to 19 atmospheres and 
ut temperatures of 0° to 80 ° C*. had shown 
that within the limits of error of the measure¬ 
ments the refraction n -1 of air and of 
cyanogen gas was proportional to the specific 
volume of the gas whether the change in 
specific volume was produced by pressure or 
by heat. The measurement of refractive 
index thus allured a means of realising a 
secondary constant-pressure gas-thermoiucter. 

.1). Berthclot in 1S98 utilised this fact in a 
“ gas-thermometer ” (10, 11), with which ho 
measured the melting-points of silver and 
gold by direct comparison (12). 

Strictly speaking, the method is not only 
secondary, hut as used by Berthclot constituted 
a wide extrapolation of a law established 
experimentally only at low temperatures. 
Investigations made since the da to of 
Bcrtholot’s experiments indicate that gases 
follow the Lorenz-Loren tz formula for the 
relation of refractive index to density at 
constant temperature ; when the temperature 
is changed, an effect independent of tho 
diminution in density with rising temperature 
is indicated, but its amount and magnitude 
are by no meiuiH certain. 1 

Tho results obtained by Bcrthelot seem to 
have had a precision of about ± l-o° at 1000°. 
The “ end corrections ” of the furnace tubo 
constitute tho most serious source of error. 
The method has not been further used siuco 
the time of his experiments. 

(iii.) Total Radiation of a Black Body. —IS, 
the total energy radiated by a black body 
per second per unit of Biirfnco, nntl 0, tho 
ftbsoluto temperature, are related according 
to tho Slefan-Boltzmnnn law : 

IS =a0\ 

in which a is a constant. 

Although originally discovered by Stefan 
as an empirical relation, this law is from one 
point of vlow not in need of confirmation by 
comparison with a gas-thermometer, for 
Boltzmann subsequently showed that this 
relation between tomperaturo and radiated 
energy depends only upon tho principles of 
thermodynamics and tho electromagnetic 
theory. If these he taken as fundamental, 
tho Stefan-Boltzmann law might thereforo 
itself bo used as an independent definition of 0. 

For this purpose it is necessary only to 
go hack to Part 1. and, starting with tho 
definition of tho absolute Lhermodynamio 
scale and the arbitrary numerical difference 
of 100° between melting ice and boiling 
water, to malic measurements of radiation 
at those temperatures. The scale is then 
completely determined. 

1 Sre discussion in Loria, Die Lkhtbreclmnn in 
Gasen, pp. 20-39 (Ikannseliwelg, 1911), 
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Tho experimental precision attainable in 
rndinUon measurements at 0° and 100° is, 
hnwevor, too low to porinit r»f a successful 
independent dclinition of a Lcmpemturo scalo 
by this means. It is necessary, in ordor to 
obtain an accurate value for cr or an necuruto 
ratio of 0 'a, to innko absolute energy measure¬ 
ments at higher temperatures, or relative 
energy measurements at temperatures widely 
separated, such as 1150(1° and 1000". The 
total radiation scale thereupon becomes, in 
effect, a secondary scale, dependent upon the 
gas-thermometer for the dclinition of its basic 
temperatures. 

But the radiation scale is not dependent 
upon the gas-thermometer to the extent that 
tlio platinum-resistance thermometer is de¬ 
pendent. It hns a suflioiontly sound and 
well-established theoretical basis to have 
attained a practically independent status. 
If the gas-tliormornoter ventures too far into 
tho high-temperature region where it is losing 
its precision, but where tho total radiation 
thermometer is gaining precision or at least 
holding its own, tho gas-thermometer will 
reach a point whore it can no longer compote 
with its rival. Part of tho present disagree¬ 
ment over the temperature scale above 1200° 
uan ho reduced to this simple question: Is 
the gas-thonnomoier or the radiation thermo¬ 
meter ahead in this race at tho 1500° level ? 
It is generally admitted that tho gas-thermo- 
motor Beale has no competitors at 1000° and 
tlio radiation-thormomotor scale none at 
2000°. In tho intervening range tho favour 
of tho experimental physicist will turn toward 
tlio scale which possesses tho greater experi¬ 
mental precision, 

Jn answer to this question, an examination 
of tlio experimental data shows that tho gns- 
thermoinoter still has the advantage at 1 f>(3()°. 
Its indications certainly are capable of an 
neonrnoy at that temperature of bettor than 
2”. To obtain this accuracy on the radiation 
scale calls for measurements equivalent to tho 
dolonnimition of it to within (MG per cent, 
or to within 0*02(1 x 10 _,a , taking the value of 
<r as fi-70 x It)- 13 . Tho value of <r or tho 
measurements of inteiisity-ratioH are hardly 
yet eortain to that degree of aeouraoy. 

As for tho constant itself, no direct deter¬ 
mination of a at high temperatures with direct 
ivifoi'oiK'o to n gas-thermometer has ever boon 
mado. Vnlontincr’s determinations (115) are 
perhaps tlio most closely related to gns- 
thermnmeter temperatures, being in terms 
of platinum - plutinrhodium thermocouples 
standardised by comparison with Holhorn 
and Valenliner’s constant-volume nitrogen 
thermometer up to 1(100°. Valontiiior’s first 
result was acini tier ny inaccurate by. 4 per 
cent (115), and L'oblentz believes that "a 
conservative estimate of tho total eorreotion 


to Vnlcntinor’s original data is 5 to (i per 
cent.” 

A discussion of tho twolvo or more other 
determinat ions of a need hardly he undertaken 
here, as tlio subject is more fully considered 
in the article on Radiation Laws. Reference 
need only ho made to CViblente.’s detailed 
summary (110) of the status of the constant. 
Tho original determinations of lO'V quoted 
by Cobionlz. range from fi*!50 to (hoi. .Those 
data ho has recalculated, using corrections 
obtained from his own extensive experiments 
(20, 20), thereby reducing the range to 
548-i'H), leaving several uncertain. Tho mean, 
5-7, of so motley a collection would have very 
little authority did it not happily coincide 
with tho muoh more accurate value, 5-722 
•J. 0-012, determined by Coblent*/. 1 (51); this is, 
again, in excellent agreement with several 
fundamental physical constants, as shown by 
Millikan (8*1). 

(iv.) The Phi(!r{m corresponding to a given 
Warn-length in the Bttdinlian from a Mack 
Body. —From tho Wion-Planok law, as revised 
by Planck (100), for the distribution of ouergy 
in tho spootrum of a black hotly, it follows 
that if 10, represents tho energy intensity, 
corresponding to tlio wave-length X, radiated 
from a black body at absolute temperature 
0 V and E a tho flomwpowling energy for tho 
samo wave-length, but at temperature 0*, 
then 

K, c/b/XOa - 1 

E a (I V A0, _ j 

For values of X in the visible portion of tho 
spootrum ami temperatures attainable in tlio 
laboratory, tlio effect of neglecting tho term 
- 1 is less than I per cent in tho ratio, corre¬ 
sponding to less than 1° at 1500°; this 
simplification is therefore usually made, and 
the relation put into tlio form 


which is tho usual equation for tho optical 
pyrometer. 

To what extent is tho Planck radiation law 
a direct deduction from tlio RUifun-Bultommnn 
radiation law V .Both Wien and Planck 
derived their original law from purely then- 
rotund grounds, but experimental results at 
long wave-lengths showed that tho “ constant " 
o, in the original form was not a constant 
(78). Planck then revised the derivation, again 
on a purely theoretical basis, but not without 
assumptions which may or may not lie true. 
Tho conservative view that should be taken 
in delining a temperature scale must therefore 
consider the Planck radiation law to ho 
strictly experimental, valid over the range 

1 8nu article ” ludlatimi, Determination of tho 
(hmstanlH,' 1 (Table I. ami j (ID), Vol. IV. 
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and to tlio degree of accuracy for which it has 
boon experimentally proved, 

From this standpoint any temperatiire scale 
based oil tho law is a purely secondary scale, 
no more accurate and entitled to no greater 
validity Umn tho gas-thermometer tempera¬ 
tures upon which the value of the constant 0 a 
is based, It is evident, furthermore, that 
when they are viowed as secondary scales tho 
optical scale {with constant C' a ) is logically in 
a much loss favourable position than tho total 
radiation scale {with constant cr), since ratios 
of total radiation can be determined with a 
tom porn turn range of say 100° to 1200", 
whereas the corresponding range fur C 2 must 
begin within tho region of visible radiation 
due to temperature, or at about 700°, and 
must 1)0 further handicapped by tho rapid 
full in sensitivity of the optical measurement 
whon tho tomporaturo is lowoied from 1200° 
to 700°. 

There has been no determination of O a 
accompanied by direct measurement of tho 
temperature by a gas-thermometer, but 
sovernl determinations have been closely 
related to gas-thermometer temperatures by 
tho transfer of temperature with thermo¬ 
couples. 

The first of these was by Liimnior and 
Fringshoim in 11)00 at the Heiohminatnlt (70), 
using temperatures transferred by plntimnn- 
plntiurhodium couples from llolborn and 
Day’s nitrogen thermometer. They obtained 
values of for different wave-lengths, from 
measurements at 71)0° In 1430° U, varying from 
1-450 to L-I(H), with a mean of 1-458. 

llolborn and Vahmtinor (05) in 1007 
likmviso transferred their tomporaturea thermo- 
oloctrlertlly from their nitrogen thermometer 
to tho * blaolc body. Their temperatures 
ranged from 1100° to 1085°, and tho values of 
0, obtained ranged from about 1-38 to about 
1-4(1; mean, 1-420 i 0-014, 

Another step removed from tho gaa-therimi- 
meter are tlmao determinations based upon 
fixed tompemturcs, snob as melting-points, 
wliich have been previously determined l»y a 
gas-thermometer. 

Nowist and von Wartenhorg’s phnfcomolrio 
mousuromenta (85) in 1000, at wave-length 
0-500 g. and at tho molUng-points of gold and 
palladium (10(13° and 1550° 0., respectively, 
by tho nitrogen thermometer), correspond to 
u value of 1-438 for C 9 . 

Hoffmann and Meissner (58, 50) in 1912 and 
1913 made spcctrophotomotrio observations 
in various wave-lengths of light at tho 
melting-points of gold and palladium. On 
tho same tomporaturo basis ns. above, thoir 
data correspond to values of C 2 from 1-440 to 
1-447. 

Tlydo, Cady, ami Forsythe (70, 71), likowiso, 
have measured with a llolborn - Kurlbaum 


pyrometer the ratio of intensities at the gold 
and palladium points, at ail effective wave¬ 
length of 0-660 ii. The result corresponds to 
Gj = 1-447. 

Similar measurements by Mendenhall (83) 
correspond to a value of 1-439. Another 
series, based upon the gas-thermometer 
tempera In ro of 1330° C., and n second 
temperature 2-100° (± based upon total radia¬ 
tion, also gave tho value 1-439. 

Mendenhall’s second series is a step further 
removed from direct dependence on tho 
gas-lheimuinotor, being based on only one 
fixed temperature. Tho name is true of 
the scries of men sure incuts by Warburg, 
LeiUmouser, Hupkn, and Mueller (120) at (bo 
Reuihsmistalt in 1913. Their basin point 
was tho gold melting-point, but higher 
temperatures (1100° and 1970° C.) wero 
obtained through tho uao of Wien’s “ displace¬ 
ment law,” in tho form 

'These measurements, at wave-lengths of 
0-65(1 to 2-172 ft, gave a value for 0 a of 
1-437 ±0-004. 

Cobleiit/.’H determinations (26) in 1013 were 
based essentially on 1550° as the melting- 
point of palladium, although tho original 
lompmilum determinations wero made with 
UicvmoormpIcH BluitdurdiKcd at 1083" and lower, 
and used for higher tom pc ratines by extra¬ 
polation with assumed corrections. RiiIiko- 
quont stundiu-disidion at Uin palladium point 
furnlHhcd a sound temperature basis. Tim 
original value for 0 9 , 1-447, Inis been modified 
by more recently determined eoi-rcclhnss for 
rofraotivo indox and biiloinotci' sotting and is 
now 1 (28) placed at 1-132. 

Tho mean of air tho above determinations is 
ftlimit 1-438 ±0-008 ; or 1-430±0-003 omitting 
tho abnormally high valuo nf Luinmcr and 
Fringshoim and the abnormally low value of 
HoIIkhh and ValonUucr. An accuracy of 2° 
at 1050° (molling-point of palladium) corre¬ 
sponds to 0-0049 in C s , or 0-34 per cent. 
The avorago deviation of tho more recent 
values from thoir mean is somewhat less 
than this. 

Tho possibilities for error in 0 9 when 
determined on tho basis of fixed temperatures 
already standardised by tho gun-thermometer 
aro of two kinds: (I) those duo to tho fixed 
tomporaturo reproduction, (2) those duo to the 
intensity measurements. 

Gold and palladium arc tho metals 
commonly used for the fixed m el ting-points. 
Gold is easily obtained pure, and accumulated 
oxporionce bus shown that its tempera lure 
is readily reproducible within ‘tho limits of 
orror of tho measurements. The sauio ib not 

‘ Hee article “ limitation, IXitcmitnnUon of tho 
CiilMtanls,” §§ (11), (12), Vol. tV. 
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tmo of palladium. It in difficult to purify, 
and samplet) of high chemical purity arc not 
readily obtainable, 

Impure palladium usually melts higher than 
pure, ns pointed out by Adams (2), and the 
tendency of impure samples is therefore 
toward lower values for 0». In nono of the 
del.erniitiationa oiled above was the palladium 
analysed. Only in connection with Day and 
Kosnmn’s nitrogen*thermometer measurement 
of tho melting-point was its purity determined. 

This disadvantage cun to a certain extent 
bu ovoroomo by actual comparison of tho 
samples of palladium used with the nitrogen- 
thermomotor snmplo. This lias been dono 
in tho eases of Warburg’s and Forsythe’s 
me iihu roineids. A now platinum■ piatiiirhodium 
thermocouple, calibrated at tho palladium 
point at Lho Geophysical Laboratory, agreed 
satisfactorily with Warburg's tomporaliiro 
seal o. 

A sample of tho nitrogen-thermometer 
palladium, sent to Dr. Forsythe, proves to 
have a melting-point averaging within 1° of 
Forsythc'rt sample, the rnngo of In dotermina- 
tioiiH on each being almut 5°. Tho two samples 
are thorefore idoulieal, as nearly ns can bo 
told by this comparison. 1 

Tho other class of errors, tlmso arising from 
tho intensity measurements, includes many 
small uncertainties that must ho taken account 
of in fundamental work, though often over¬ 
looked in past determinations of the constant. 
An oxcollont dismission of theso errors, 
particularly with roforoneo to tho disappearing- 
filament type of pyromotor, lias been given l>y 
Foray tho (40). 

We have seen that the average deviation 
of recent measuroimints of (L from the mean 
value is of ail order of magnitude equivalent 
|,d almut 2'’nt 1/550°, and that the uncertainties 
duo lo tho normal variability of the palladium 
melting-point and to the various sources of 
error in tlio optical observations nro more than 
Hullleieiit l.o account for such a deviation in 
liny one ntenmiromotil. There appears to ho 
no reason from tho thermonustrio 'standpoint 
for adopting any other value for 0 a than tho 
mean value given nhuvo, munoly, 1-480, nor 
foi- adopting any other value for tho palladium 
point than that derived from the nitrogen 
ihormoinotor, 4 namely, 1/550" 0. 

Tim roil! pressure toward adopting a lower 
valno of {l••120 to H35) arises from tho 
better tlioorotieal ngreomont hntwoon tho 
lmvor value und tho accepted values for 
I.’lanok’s “ Quantum ” It, tlio ohargo of an 
oleotmu c, tho Stefan-Boltzmann radiation 
constant tr, and other related constants. 

TrlO 0 , but the pro- 
a smidl positive 
■nnvorfc eoiiHfniit* 
ruioilyimmlc. 


Whother this is a valid reason for changing 
the value of C a dojicuds to a largo extent 
upon tho ]>oint of* view. 

The dilferenee is not large—far ton small 
to bo of any industrial importance as yot— 
hut is important enough to deserve consider¬ 
able further investigation from all points of 
view, thcrmomctric, theoretical, and radio¬ 
metric. The investigations of tho past few 
years have been too exclusively occupied with 
tlio latter two. . 

Ah to the best choice of C 8 in tho meanwhile, 
the history of research furnishes little guidance, 
for instances can bo brought forward in 
about equal mi in her, on tho one hand of good 
theoretical judgment which disregarded exist¬ 
ing data and was afterwards justified by tho 
results of more exact measurement, and on 
tho othor hand of apparent discrepancies in 
experimental results which, though carefully 
explained away by tlio experimenter liitnsDlf, 
subsequently proved his experimental accuracy 
to have heou hotter than his judgment. 

$ (42) C'OMHINMI) TlIKItMAT, PltOl'KR'l’lKS ANI> 
Fixbd Temimmatuuks. —There are two thermal 
properties which, while not indcpentlenfiy 
ropreducible with the nconrnoy desired for 
thormnmotry, are nevertheless, when oein* 
binod with standard fixed tempoiutures, tho 
main reliance of investigators in tho rnngo 
ahovo 500°. Those are (1) tho thermal 
12.M.F. of pliitiinim-grouj) metal lliermo- 
couplos, among which tho l.o OhntoliOL' 
couple, platinum against an alloy of 110 parts 
platinum and 10 parts rhodium, is pro- 
eminent; the thermocouples nro limited in 
working range mainly by tin* meltiiig-leinporn- 
tnro of the wires, hut also by tho nnntnmina¬ 
tion of tho wires with impurities duo to 
reduotion or volatilisation of neighbouring 
materials; (2) the oloetric.nl resistance of 

pure platinum, limited in its working rnngo 
to a maximum temperature of 1100" 0. 

(i.) Platinum-metal Thermocouples .—In tlio 
preparation and use of thornm-olomonts Barns 
mndo much more extensive and clabomlo 
studies than any one who lias followed him. 
ITo first investigated a great number of sub¬ 
stances, both puro metals and alloys, and 
measured and tabulated their oleotromotive 
forces for different absolute loinporatures. 
From theso a couple made from puro platinum 
ami an alloy containing 00 parts platinum 
and 10 parts of iridium was finally solo uteri 
for his standard work with tlio gns- 
thormometcr (5,8). 

It is nn unfortunate accident that history 
has failed to record Barus’s nnmo along with 
that, of Lo Ohntelior (77) in tho develop¬ 
ment, of tho thermo-element for purposes of 
high * temperature measurement. There is 
no question that Barns contributed emor- 
niousiy to our knowledge of the thermo- 
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alee trie properties of tho different metals and 
, * *'* a 'mo, but. tho 10 per cent iridium alloy 
K ‘‘CiK ho finally selected proved to ho less 
v * t!Cf i'bl° than tho 10 per cent rhodium 
developed by Le Chatolier, probably by 
°n_SJon of tho greater volatility of the iridium 
'\' u \ consequent slow ehango in its loadings. 

.7 Ufi »« wo find tho Lc Ohatelior platinrlujdiiiin 
.,°> ,lno -ol® nK, «t in use to-day the world over, 
'V'Jvilcj tho magnificent pioneer work of llama 
a °iiiu.inn but little known. 

' l ’ho first calibration of tho plalinum- 
Idittrinrhodium couple! was madn hy llolhorn 
ruicl Wien {(Hi, (i7) in 1802. Thoy found that 
J' 110 -H-M.IL could lie represented in terms of 
boinporaturo hy a mibie formula, and that tho 
could he reproduced with tho aid of 
multing-pointa of metals, with an ncouraoy 
of over the range 400° to 1440°. 

Mo] born and Day (02), though thoir 
mnximum tempera turn (l 100") was not as 
h’Kli as that of llolhorn and Wien, considcr- 
improved the accuracy of tho comparison, 
fUKl were able to show that tho formula 
e— —- n -(• hi I- ct* holds within 1° over tho 
on tiro ran go from 4(H)" to 1100°. Similar 
«<)»« ]ini'InoiiH hy Murker (51) in .11104 confirmed 
thiH empirical relation for the range <100° to 

lOOO** 


l>a,y and Clement’s measiiromeuts (114) still 
further improved the ueeuracy of the moasuro- 
mor»tH, in showing that tho (juudratio formula 
in followed from 400" to 1100", within 0-5". A 
(lertnin drift of the deviations was also 
oliHorvod whicli may indiuato that a more 
complex formula is needed to ro|ireH 0 nt tho 
relation of c and t even more elosoly than to 
O’il 0 . Data are not yet available for testing 
tliin «;l mini-ion to a higher degree of accuracy. 

Tho measurements of Day and Sosmnn 
wore tie voted primarily to determining tho 
v«liK!H of chosen fixed points, using the thermo¬ 
couple only iiH a transfer device. The largo 
number of points at small intervals of temporn- 
fcuro, which are oullod for to really test tho 
jmsBiblo deviation (within 0-3°) from the 
(pun ti.’ittiu formula, is lacking in the data of 
Day and Bosnian hocuoso of this eoneontration 
of moat of tlie measurements at fixed points. 
With CliiH limitation (which is equally truo of 
lnrmb <>f the other experimental confirmations 
of onipirioal laws in thermometry) tho data 
of Day and Bosnian furnish a good toBt of tho 
(|imcl rntio equation, sineo tho suhstitution of 
a- pint hi rhodium alloy in plnoo of platiniridium 
hh Id jo bulb material considerably inoroasml 
tlio uttaiiiablo jireoision with thermocouples, 
id moving an it did tho serious sourco of error 
(luo to contamination of tho couples with 
iridium* Tho data show that tho qimdratio 
formula represents tho modo of variation of 
e with t- over tho rnngo from 300' J to 1100° with 
an aoouraoy of 0-3°, while a similar formula 


with different constants will cover the rnngo 
1000° to 15-50° within 1°. A cubic equation 
can bo made to fit all the points from 300° 
to 1550° with a deviation of a little over 1°. 

Jii.) Electrical Resistance of Platinum Wire. 

The only direct calibration of a platinum- 
resistance thermometer by reference to a gas- 
thermometer that has ever been made in tho 
rnngo above 500° is the comparison by Marker 
(51) in 1004. Using a constant-volume 
nitrogen thermometer with porcelain bulbs, 
Marker showed that between 400° and 1000° 
tho quadratic formula for the platinum 
resistance yielded temperatures that were 
within 1" of the gas-thermometer at the lower 
temperatures, but deviated hy more than tho 
probable error in the upper part of the range, 
the difference reaching a maximum of 0-3°. 

Ill the ultimate analysis, then, confidence in 
fc,ui o platinum-resistance thermometer above 
500° depends on tho degree of accuracy with 
which it can interpolate tho melting-points 
of antimony and silver between the two 
base-pohils, 444*55° (sulphur) and 1003° 
(gold). A really exact standardisation, having 
u precision comparable with that of which 
both tho gas - thermometer and platimim- 
rcsistaneo thermometer are now capable, bus 
yot to bo made. 

(iii.) Interpolated Fixed Points .—As already 
pointed out in preceding sections, dclormiim- 
linim of fixed temperatures may be roughly 
divided into four classes: (i) those deter¬ 
mined directly hy immersion of the gus- 
thermometer in the constant - temperature 
system (sulphur vapour, for example); (2) 
timso determined indirectly hy transferring 
tho temperature front gas-tiiormomctor to 
fixed point by moans of nn intermediary 
transfer dovico} (3) thnso determined by 
first establishing tho law of variation of a 
secondary thermomotor (tliormo-clomont, for 
example) and then using this tliormomotor 
to interpolate tho fixed points j (4) thoso 
“ secondary interpolations ” made by calibrat¬ 
ing a secondary thermometer at several known 
fixed points determined by methods (1), (2), or 

(3) , and then using it for further interpolation. 

" Primary interpolations ” of class (3) wero 

mndo hy Holbein and Wien, Hoibom and 
Day, and Day, Clement, and Bosnian by moans 
of thermocouples. 

Sovornl “ secondary interpolations ’’ of class 

(4) (lleycock and Neville, Waidncr and 
.Burgess) linve been mndo with platinuin- 
resiBlaneo thermometers. These wore origin¬ 
ally made as extrapolations of tho Oallondar 
formula over tho rnngo from 500° to 1100°, 
an extrapolation more than equal to the rango 
for which tho law had been established. The 
molting-point data so obtained are often quoted 
ns inclopondont determinations of tho points, 
side by side with gus-thormomotor dotormina- 
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tions. Strictly speaking, they am not Outer- 
mi nations at nil, but merely hopeful estimates, 
gaol) nn extrapolation of an empirical law to 
cover an additional range mom than equal 
to that for which it lias been established >s 
justiliahle only ns a temporary measure. 
That it does sometimes succeed is shown by 
tho unexpectedly dose agreement between 
the molting - points extrapolated with tho 
platinum - resistance thermometer and tho 
actual determinations made later with tho 
gas - thermometer. Usually tho attempt has 
failed, ns in tho ease of platinum resistance 
bclmv 0°, and of tho thermo-clement above 
1100°, lmt tho erroneous results have been 
quickly forgotten, and have done harm only 
by producing temporary confusion. .1 ho 
original comparisons have permanent value, 
furthermore, when tho extension of tho gas- 
thcrinoinoter scale establishes the true law 
of variation. 

A number of primary and secondary inter¬ 
polated melting-points are shown in Table 13, 
compared with direct or indirect gas-thormo- 
molor determinations of tho same points. 


calibration at three points {such as the melting- 
points of zinc?’gold, and palladium), and tho 
uso of ft stand aril table such «s that of Adams 
(l), nitrogon scalo temperatures can ho 
measured within 0-3° at 000° and 3° at 
1500°. 

(ii.) Plot in um - resistance T harm oin dry, — 
Nitrogen scale temperatures between f>()0° and 
1100° can bo measured with a platinum- 
resistance thermometer made of pure platinum 
and standardised at the sulphur boiling-point 
and tho gold melting-point within 0-3° at 
600° and 1° at 1000°. 

(iii.) Optical and liadiation Thermometry.— 
By calibration at the melting-points of geld 
and palladium, nitrogen scale temperatures 
can l*o measured optically or by total radiation, 
when tho various correction factors for 
absorption, ote., are taken inti* account, 
within 2° at 1000° and 6° at 1000°. 

(iv.) Fixed Point.*.— Tho following fixed 
points may ho used to establish and maintain 
tho temperature scale from fi0()° to 1000°, 
and are known on the contigrado thermo¬ 
dynamic scale with the accuracy indicated. 


Taiii.u 13 


InthrI’OLatkd Vai.uks ov Ii’ixku Points in tiik Hanoi: BOO’ 

‘ 0AH-l'IIKit MOM KTHU J)BT»U*IINAT!0NS 


TO 1(500° I'OMI’ARKI* WITH 


Author. 

II* to. 

M.1‘. 

AnUmimy. 

M.r. 

Aluminium. 

M.r. 

Bttvi-i-. 

M.r. 

Until. 

M.r. 

1 .-u|i)iur. 

ltiiMn. 


Direct or Indirect (hu-lhermometer Determinations. 






10(17-4 


| (kmfUnnt-volume N, (5, 

Jnquorod ami Poirot. 

10(15 





\ CO, mid (.(() a . 

Day,Sosmnn,and Allen 11010-12 

(530-0 

•• 

imiim> 

10(52-4 

5082-0 

(kins! nut-volume nitrogen. 



Primary I n ter potations. 










(' Pt: I’tltl* non pie and 

Ilolhorn uml Wien . 

1802 


•• 

0(58 

1072 

1082 

J noiiHlant - vnhime air 

1 tlu-nm nnoler. 

ihilhom and Day 

5(5(10 

<13(5(5 


001 

5004 

1084 

\ Pt: l*t HI* couple and non- 
J slant. • volume nitrogon 

Day uml Homniin 

1011 

•• 

058-7 


•• 

• • 

J thormomotcr. 



Secondary Interpolations. 



Heyoook and Neville . 
Waidiiei'and Burgess. 

1805 

(530-2 

(555-3 

002 

1003-7 


\ I’t ri-n. Iherinniiuitor he- 

1010 

03(5-7 

058-0 

15(50-0 



/ tween 444-55' and 1083-0 . 


§ (43) SUMMABV l-'OIl TIIK RaNOK UOO" to 
16(50°. (i.) Thermoelectric Thermometry. —The 
boat secondary thermometer for uso in tho 
rango 000° to 160(5° is tho platinum : plalin- 
rhodium thermo-olomoiit, Tho E.M.F. of tho 
couplo can ho represented in terms of tho 
oonstant-voliimo nitrogon soale by a quadratic 
equation over limited parts of tho rango (300° 
to 110(5° and 1000° to lfifiO 0 ) with an acouraoy 
of within 0-3° in tho lowor part of tho rango 
and within 2° at 16(50°. A onbio equation 
will represent all temperatures from 300° to 
1550° with somowhot loss accuracy. By 


It is assumed that the substances used are tho 


purest obtainable oommoroinlly. 



Melting-point of nnlimcmy 

030- 

; 0-5° 

„ „ nluniinhini 

(550 

. 0-5° 

„ „ si Ivor . . . 

OIK)- 

0-5° 

„ „ gold 

1003 

0-5° 

„ „ copper . ■ • 

1083 

: 1° 

„ „ d topside (CnMgSi,() fl ) 

1301 

• 2“ 

„ „ palladium 

1550 

•3° 


Some of these substnneys are now obtainable 
os certified standards for thormomoliie 
calibration (for example, aluminium from the 
Bureau of Standards of the United States). 
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(v.) T her moil t) mimic, Sicah ’..—Tho corrections 
to convert readings on the constant-volume 
gua flealea to tlio tliormodynamic scale at 1000° 
and higher arc very uncertain. Tlio correction 
to the constant-volume nitrogen scalo at 
initial pressure 500 mm. is probably of the 
order of magnitude of 4-0-5° or leas at 1200°. 

IX. Tun Sou items ot' Ehroh in Gas 
Thkhmomktky 

§ (44) Co NSTA NT - !• HKSS UII n Tiikhmomktkb. 
—Tlio development of the constant-pressure 
gas-thermometer has I'cnmined almost wholly 
in the hands of Callcndar and Ilia associates. 
From its inco|>tion in 1H80 to the last important 
publication in 1014 no serious attempt has 
hoon made to extend the use of tlio instrument 
to the higher temperatures (above the sulphur 
boiling-point). For this reason, porhaps, tlio 
sources of error in this system of procedure 
have remained undeveloped and cannot ho 


permanent change in the volume of tins bulb 
after each exposure at the higher temperatures; 
(2) changes and uncertainty in the expansion 
coefficient o£ tlio bulb material (18) (chiolly 
glass and porcelain) ; (3) inexact knowledge 
of the expansion coefficient of moronry through 
an adoipiato temperature range. These emirs 
are of a kind which can he greatly reduced 
in magnitude by a judicious selection of bulb 
material anil careful study, and tlio constant- 
pressure gas-thermometer may yet prove 
to lie a most valuable instrument for tlio 
determination of standard high tempomtures. 
At the moment, however, one must regard it 
as an untried instrument in the region where 
further work is mainly needed (above 1200°) 
and no experience is available through which 
to forecast its bohaviour there. 

§ (45) Constant- vor.uMH Tfikiimometipi,—■ 
The sources of error in tlio cmistnnt-volunio 
gHs-tliernioiuotor, on the contrary, aro now 


Taw.}; 14 


Constant Cohukotionh to -run Conhtant-voi.umk (Ias-thbiimombteii (Dkoiihrs) 



Unhealed Spare 


Italic miiiimi il 

romp. 

r/V 

4)1)1. 


A. 

A'. 

- 270 

- (MM 

-1- 3-4 

- 200 

- O.fiO 

I- 2-1 

- 101 

- (MM 

-I- 14) 

- 100 

- 0-51) 

-|- (MU) 

» 

0410 

()•()() 

-|- 100 

•1- 141 

0410 

-I- 200 

•!■ 341 

-I- 0 01) 

•I- 500 

•1-13 

1- 04) 

-|-10(10 

•1-44 

•131 

(15(H) 

-1-1)1 

(-72 


Thermal Expansion, 

Elastic 

Expansion 

assumed 

10"’ per mm. 

J’t 

-Ir. 

OlilNS 5!)'". 

l-’iwnd Kilim. 

A. 

A'. 

A. 

A'. 

A. 

. . 

A. 

A'. 

• • 

.. 


. . 

, , 


- o-no 

4-0-04 


• • 


. « 



-04)1 

-1-04)2 

- 0418 

-1- 1-4 

-0-22 

-1-0-78 

•1-04)1 

-0-01 

— 04)1 

4-04)2 

• • 

• ■ 

.. 

.. 


,. 

-04)1 

44)4)1 

0-00 

0-00 

0-00 

0-00 

04)0 

0-00 

04)0 

04)0 

I- 04)2 

0-00 

10-01 

04)0 

-l-O-OO 

04H) 

-1-04)1 

04)0 

4- 2-4 

-1- 0-fi-l 

-1-1-7 

1-0-38 

•1-0-15 

-14)03 

1-04)3 

4-0-01 

•no 

-I- 5-7 

-1-7*3 

-I-4-0 

•1-0-03 

■1-0412 

4-0-14 

-1:0-07 

1-37 

1-27 

.. 

,, 

4-2-1 

-11-5 

-t-0-47 

4-0-33 

-1-82 

•I- (18 

_1L. 


• • 

•• 

-1-0-08 

-1-0-77 


examined with the sumo sharp scrutiny which 
may now lie applied to the sources of error in 
the oonstant-volmno instrument. In principle 
the apparatus is sound, and when judged from 
theoretical considerations alone has been 
accorded the preference by sovoral writers 
on the subject. It bus also boon, stonily 
defended by Callender on sovoral oxplioib 
grounds: (1) both tho apparatus and tlio 
calculation arc simple; (2) tho internal 

pressure upon the hull) (loos not inerenso 
with tho tompoiufcui'o to ho nioasurod ; (3) 
tho lusoumoy is limited only by the precision 
with whioh weighings can ho made. 

Over against this may bo sot the fact that 
results obtained with tlio instrument have 
not been satisfactorily concordant, even though 
observations with it have been confined to a 
short range of easily accessible temperatures. 
Tho sources of error thus far recognised 
by Cnllendar and his active coadjutor 
Eumorfopoulos are mainly throe: (1) a 


so woll known that no moro than a brief 
roviow of them is needed hero. In the com¬ 
prehensive treatment of gas thermometry by 
Henning (50) three primary correction factors 
in which Ho sources of ormr bavo been 
emphasised and their magnitude tabulated 
for various temperatures. Tho data mo 
contained in Tallin 14, which will servo to 
show tho magnitude to whioh tiieso correction 
factors attain in common practice ; tlio errors 
arising therefrom nro in most eases naturally 
a small fraotion of tlio correction stated, Tho 
corrections marked A in tho table nro on tho 
assumption that tlio pressure-coefficient of 
the gas, (i, is independently known; thoso 
marked A' aro on tlio assumption that (■I has 
been determined in tho sumo apparatus. 

Of thoso magnitudes it should ho stated 
that tlio first, v/V 0 , tlio ratio of tho volume 
of tho connecting tube between bulb and 
nmnomotcr to that of tho bulb, was reduced 
by Way and Bosnian to about one-sixth 
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of tlio vnluo assumed by Henning in the 
above computation, and its temperature ancl 
volume arc determinable with such accuracy 
that this can hardly bo accounted a major 
source of error now. 

Tho expansion oocflieiontef the bulb matorial 
will always be a factor requiring precise 
determination. To determine the expansion 
coefficient of a stable and well-defined solid 
to a few parts in a thousand oven ovor a very 
great temperature range odors no difficulty 
to-day, but the solids winch are chosen for 
their refractory quality or for thoir imper¬ 
meability to certain gases may bo neither 
stable nor well-defined. Witness, for oxamplo, 
the materials cited in the above table which 
are those now most commonly used for high- 
tom peraturo gns-thormoinotry. Silioa glass, 
and indeed all glasses, nro in unstable equili¬ 
brium in which normal molecular forces are 
hold in oheok by oxtromo viscosity. Diminish 
this viscosity by oxpnsuro to a sufficiently 
high tomporatiire and tlui instability will 
appear ns a .moro or less comploto ohango of 
physical state. Silica glass, for oxamplo, 
begins to orystalliso at an appreciable rato 
at about 1100°, while at higher temperatures 
the ohango boooincs rapid. Moro compli¬ 
cated glasses suoli as .Tona 5fi Ilf develop 
various crystalline compounds when heated, 
l’latiidridiiuu is a stable alloy at low tempera¬ 
tures but in tho higher ranges loses iridium 
and may toko mi iron or silicon if present in 
a reducing atmosphoro. With adequate pro¬ 
tection against those contingencies, tiiat is to 
say, in an appropriate atinospliero and tempera- 
lure range, uaoii of theso substances has a 
detncininablo expansion cooflioiont through 
which no error of a|>]ireoiahlo magnitude need 
outer tho temperature determination. Tho 
oll'ort to stretch tho range of measurements 
with a particular hull) to temperatures within 
the region whom tho material becomes 
measurably weak or incipient crystallisation 
occurs (in glasses) or a finely crystalline alloy 
becomes coarsely crystal lino, brings uncertain 
expansion, jmnniinent ehangcsof tiioico-point, 
do formation, and like imcortalnties impossible 
to liioiisiiro anil dilTicuR to appraise. 

Tim elastic expansion of the bulb under 
ohango of internal pressure need give no further 
uoimov.it. Theoretically it does not arise in 
tho eoimtanb - pressure thormomotor, though 
Callondnr’s observations (with glass bulbs) 
appear not to havo boon entirely freo from 
tho oltoots of volumo-eliangeH at any timo. 
Tmclkuilly it may bo completely avoided in 
tho eoiiHtiunt-voliimo thormomotor by onolosing 
tho huh) in a bomb in which tho pressure out- 

■ ' ■> -.-> *-•' <.respond to tho 

by Hay and 
r tain ties mot 

with in oonstant-volume gas Ihormomotry 


to-day, assuming that the bulb lias been 
chosen appropriately for the temperature 
range to be measured and full advantage is 
taken of existing experience, arc not sources 
of error properly inherent in the gns-thermo- 
meter system. Thoy are (1) the tempera¬ 
ture distribution about tho bulb, i.e. tlio 
uniformity of temperature in the space to bo 
measured ; mid (2) tho uniformity of tompora- 
turo distribution about the mercury mano¬ 
meters. After a long experience with high- 
lomperatnie measurement it is our impression 
Unit a Rpuco sufficient to enclose a 200 c.c. bulb, 
all of which lias a temperature of 1500° C. 

+ 5°, lias perhaps never boon available to a 
student of gas-thermometry. How then shall 
we measure such a temperature with this 
precision ? Holbnrn and Valentinor record 
the fact that in their attempt to roach 1000° 
with a bulb of pure iridium, dilTorcnccs of 
temperature were observed on the bull) surface 
amounting to ns much as (10°. How much 
groator than this tho tomporatura variations 
in the 7.0110 of measurement might Imvo been 
without tho integrating effect of the bulb wall 
of metallic iridium it is impossible to say. Tho 
first necessity in tho attainment of prcciso tern- 
pornturo definition at lfiOO 0 , which happens to 
bo tho tomporaturo region in which most of tho 
recent gas-thermometry lias boon carried out, 
is a suitablo spneo uniformly heated to 1500°. 
Given this, and tho errors diseuBscd above 
bocomo relatively insignificant magnitudes, 

In tho same Reuse, future gns-thormomotry 
must place tho long columns of mercury 
forming tho manometer in a thorinostat where 
tho tomporaturo can bo properly controlled. 
It is no longer necessary at the highest tem¬ 
peratures that the gas pressure within tho 
Imlb should not oxccod nno atmosphere lest 
tho bulb become strained and the “ con¬ 
stant volume ” bo jeopardised. Two or threo 
limes this pressure may bo used equally well 
and a corresponding increase of sensitiveness 
attained, hut tho increased length of tlio 
measuring column of mercury must not 
introduce errors through uncertainties in tho 
mercury temperature. A further advantage in 
simplified tcohniquo would also bo attained if a 
closed-tube manomotor were substituted for tlio 
more usual opon-tubo manometer; in many 
cases this haB not boon done hitherto, chiefly 
because it would havo added tho barometric 
lioiglit to tho already long mercury column 
and the difficulty of temperature control of 
the column would havo been increased. 

Tho rclnlivo magnitude of the accidental 
sources of error in a typical sot of measure¬ 
ments with tho constant-volumo gns-tliomo- 
motor are shown in Table If), compiled by 
Day and Sosmati in connection with thoir 
work on tho nitrogen thormomotor in tlio 
rango 500° to 1650°. 
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showing Accidental Errors in Gas-thbhmometry. Estimated Errors ok a Constant- 
volume Nitiuhien-tueiimometeh at [nitial Pressure op about 200 mm. Mercury (37) 

Bulb material i 80 platinum, 20 rhodium. 

Volume of bull): V o = 206 o.o. 

Volumo of unhealed apace : «, =0-31 o.o. 
llaiio V v <> “0-001J>. 

J'urimco ! electrically healed nir-lmth. 

Manonmlcr: open type*. Barometer read separately. 

Prcaaiiro-eocllloiont of gas and expansion-caollicioiit of bulb assumed known 
Temperature transferred to fixed points by plntinuin : plutinrhodium lliermocmiplea. 


Quantity Affected. 

Source of Error. 

Amount of Error. 

Effect on t, 

At 401)°. 

At 1500°. 

At 400°. 

At 1500°. 



Temperature differences over! 





< A) 

'l.'n ill pernturo of gas { 

bulb surface / 

2 mv, 

(3 mv. 

±0'2° 

±04° 



Variability 

0 

1 „ 

0 

±0'1 



Hoforenoo point 

0 02 mm. 

0-02 mm. 

±0-04 

±0'lfl 



Manometer setting 

0 02 „ 

0 02 „ 

±0-04 

±0d5 



Seale corrections 

0-01 „ 

0 01 „ 

±0-02 

±0'07 

<U) 

Bo • • • •'] 

Temperature of mercury 

0-03 „ 

0 03 „ 

±0-00 

±0'23 



llarometer setting 

0 03 „ 

0-03 „ 

±0-00 

±0'23 



Temperature of barometer 

0 03 „ 

0 03 „ 

±0-00 

±0'23 



Permanent variations in p 0 

0 

Oln 4)5 , 

0 

0 to ± 0-3 



Heferonce point 

0-02 „ 

04)2 „ 

±0-02 

0 



Manometer setting 

0 02 „ 

04)2 „ 

±0-02 

0 



■Seale correct Iona 

0 02 „ 

0'02 „ 

±0-02 

0 

(ii> 


Timi|HHiituro of mercury 

0-07 „ 

»'20 „ 

±0-07 

±0'05 



Barometer setting 

0 03 „ 

0 03 „ 

±0-03 

±04)1 



Barometer temperature 

0-03 „ 

0-03 „ 

±003 

±001 



Unheated space, a, 

0 020 o.o. 

0-020 o,o. 

±0-07 

±0'5 



IInheated spnee, l t 

O'fi-fiO 0 

O-fi-lOO 0 

±0 01 

±0-1 



Instrumental oorrootions 

1 mv. 


±0-1 

±0'2 

CO) 

us.M.r. . . , •{ 

Uniilonilnallon 

0 

0-12 mv, 

0 

0 to -|-]'0 



Integration over htilb 

fi mv. 

12 mv, 

±0-6 

±1-0 



J i ist ru men t n 1 correo t ions 

I mv, 

2 mv. 

±0-1 

±0-2 



Uontamination 

0 

0-10 mv. 

0 

0 to -14) 

< O) 

.Fixed polnbi , | 

Variation in givon ohargo 

Spcoillo, 

1-10 mv. 

Speoilio 

0-1 to I '0 



Variation botivcon difToronll 






l 

charges J 

Spcoiflo, 1-20 „ 

. 

Speoilio, 0-1 lo2'0 


In otmoIiiHinn, wo winli to room'd our in-. 
tlcjl»t<ulno»s to Mohsi'h. L. H. AdimiH, E. 
.lino It Ingham, W. YV. (Jo blot it'/., 10. F. Muollor, 
O. VV. Wnidn»r, and W. P. VVliito for suggcB- 
tioiia txmooi'ning various parts of this artiolo. 
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I Hm L* I'lltATUn 10, SWJONDAUY StaNUAHDS COM- 
V■'Vll,331) WITH C.iAH - TUUUMOMKTUHS FOll 
y AIIIOUS Ranmkk. Sen “ Temporntnre, 
I-tonliHathm of A liHoluto Sonic of,” {$ (27), 
(?***), (38), (30). 

Tj’jRti'KHA'i'mvii, Stand a ii ns ok: 

■Ufimaiy: mercury thermometers of verre 
tl-nr , eonstniotod by Biuidin of Paris for 
tlui liitomnlhmnl Bureau of Weights anil 
IV1 '(insures at HAvros, fclio corrections to 
■which over tlio range 0" to 100° (!. have 
l»oiin carefully ascertained, ho Unit thoy 
may servo iih fundamental temperature 
Hlundnnls over tliiH range. See “ Thermo¬ 
metry,” § (-I). 

fSJoc:cmdary, available for general use ami 
compared with gas-fchornioinotorH. See 
“ 'Tomperoliuro, Realisation of Absolute 
•Scale of,” § (2:1). 

'.I’omLh of, by Comparison with Standards, 
Sen “ Tliermometry,” § <11). 

Tionhion Miimiibiih tn Stiumtuuks. Seo 
*‘ ♦SbrueturcH, Strength of," 8 (14). 

Tjcrsrs-trnN Tkst. See “Elastic Constants, 
.1 intermination of.” 

J )ivta ordinarily observed. § (20). 

1 >ofiintiou of tile Yield Point. § (21). 
'l.’Jin Maximum Load. J} (22). 

IM'cifchod of reporting Results. § (2b). 
(Vitality Paolom. $ (2S). 

X-tONults of Tests on Alloy Steels at High 
'l.'ampemtnim § (117), Table 41. 
XX-okuKh of Tests on Mild Steel at Varying 
'I’onipomtmm § (117), Table 40. 
X-t-tiHults of Tests at Varying 'J'omporatilrcs. 
Si? (117) and (118). 

I'kh'J’ -Hams: 

Torino of Miir for Tension Tests. Seo 
“ .Ifllastio Constants, Dotonnination of,” 
§ (2(1). 

* mis of Enlarged Ends for Tension Tests. 
Seo ibid■ § (27). 


Tkst I*liooks—Phki’aiiation and Selection 
ok. See “ Elastic Constants, Determination 
of,” S (10). 

Tkst Results : 

Apparatus for determining the Effect of 
Temperature on Test Results. See “Elastic 
Constants, Determination of,” § (113), 
Influence of Form of Test Piece on Results, 
Sco ibid. § (41). 

Influence of Time of Testing on Results. 
Sec ibid. § (42). 

Tkstino Machines. See “ Elastic Constants, 
Determination of." 

Amsler Testing Machine. § (fl) (i.). 

Arnold Muchino for Alternate Bending Tests. 
§ (78) (i.). 

Arrangement of the Lover for Lover 
Testing Machines. § (5), 

Avery 7(10,000 lbs. Horizontal Machine. 
§ (7) (vi.). 

Brinell Hardness. §§ (81)-(84). 

Calibration by Means of a “ Standardising 
Box.” § (13) (v.). 

Calibration by tlio Use of a Series of Test 
Pieces. § (Iff) (iii.). 

Calibration by tlio Uso of Crushers. § (13) 
(ii.). 

Calibration by a Standard Test Bar. 5 (13) 

(i-). 

Methods of Calibration. § (13). 

The Chnrpy Pendulum Impact Machine. 
§ < 100) (ii.). 

Compression Shaeldes, § (12) (viii.). 

Dead Load Calibration of the Emery 
Maohiuo. tj (8) (v.). 

Pynnmio Hardness. § (89). 

Emory Testing Maohiuo. § (8) (i,). 

Gonornl Mothods of Testing. J} (2). 

Grips for holding Test Bars. § (12). 

Grips for testing Chain in Tension. § (12) 
(vii.). 

Grips for testing Hope. § (12) (vi.). 

Guillory Impact Maohino. § (100) (iii.), 
Horizontal Compound Lover Machines. § (7) 
(iv.). 

Horizontal and Vortical Arrangement of. 

5(8). 

Izod Impact Tester. § (100) (i.). 

Lnndgmf-Tumor Alternating Bending Ira- 
paet Maohino. § (78) (ii.). 

Machines using Fluid Pressure for estimat¬ 
ing tlio Load. § (9). 

Modern Types of Machines. § (4). 

Olsen’s 200,000 Hi. Testing Machine. § (7) 
(ii.). 

Sankoy Hand Bending Testing Maohino. 
§ (78) (iii.). 

Self-aligning Grips for. § (12) (iii.). 

Shaoklos for Torsion Tests in. § (12) (xiv.). 
Slioar Simokles for Tests on Bar and Plato. 

§ (12) (x.) to (xii.). 

Torsion Tests. § (10). 

Trans verso Tests. § (II). 



872 


TESTING MACHINES—THERMAL EXPANSION 


Transverse Test Tools. $ (12) (i\\). 

Using a Diaphragm ns a Moans of Record. 

§(«>• 

Vortical Compound Lever Machines. § (7). 

Vortical Single .Lever Machines. § (6). 

Wordor Single Lever Horizontal Maohino. 

S («) (v.). 

Test i nii Machines for Rhfeated Stress 
Tests. See “ Elastic Constants, Deter¬ 
mination of." 

Direct Stress Machines employing an Alter¬ 
nating Current. § (71) (iv.). 

Direct Stress Machines employing an Un¬ 
balanced Weight. § (71) (iii.). 

General Methods. § (71). 

Rotating Cantilever (Wohler) Typo. § (71) 
(i.). 

Th ermal Capacity of a Surstanoe. I ho 

quantity of heat required to’ raise tlio tem¬ 
perature of unit mass of the substance 1°. 

Jt depends to soino oxtont on tho range 

selected. 

THERMAL EXPANSION 

Most properties of material bedios vary with 
tomporaturo, Amongst tlioso must bo in¬ 
cluded tho size of a body. In tho majority of 
oases this inoronsos with riao in tomporaturo. 
Notable oxeoptions are found, however, in tho 
ease of water and some aquoouB solutions 
which undergo contraction in tho rango from 
0°-'l° C. (approximately); and in that of 
iodide of silver (resolidified) which has a 
minimum volume at about 142° C. 

In making those statements wc aro tacitly 
taking for granted that wo possess a satis¬ 
factory way of measuring temperature. The 
methods in use are described in tho articlo on 
“ Tliormometry.” 

Knoll diiueiision of tho expanding body 
changes. In tho ease of isotropic solids 
(which, ns their name implies, liavo tho sumo 
properties in all directions) the expansion of 
a line of unit length drawn in tho body 
is independent of the direction in which it 
is drawn. Bodies which have this property 
are either amorphous (e.g. glass) or belong to 
tho regular system of crystals (r i.g, rook-salt, 
diamond), Metals may usually bo treated as 
isotropic, beeauso although thoy aro partly 
crystalline the crystals arc not arranged in 
any sulootivo way and tho average properties 
are independent of direction. 

I. Inotropic Solids 

§ (I) Linear Expansion, —Lot tho distance 
hotwoon two points in tho body at 0° C. bo 
l 0 and at 1° 0. bo If wo writo 

/|=W 1+W). 

then X is usually a positive quantity and is 
oallod the moan ooollieiont of linoar expansion 


between 0 and 1° 0. It is not a constant, but 
varies with tiic range of temperature selected, 
Tho value of X is quite small, and usually 
special devices must ho adopted to enable 
it to be determined. It is most easily deter¬ 
mined in the ease of n long rod or wire or strip 
of the material. Tho change of length of mi 
iron rod one metro long when raised from 20° C. 
to 100° 0. is about 1 mm. Tho proportional 
accuracy with which X can lie obtained is 
about the samo as that with which the change 
equal to 1 mm. can ho measured. Many 
methods (once regarded as standard ones) 
have now become historic, having been super¬ 
seded (methods of Lavoisier and Lapluco, 
Ramsdon, etc.). Tho most satisfactory direct 
mothods arc the two following. 

§ (2) Material in tiib form of a Long Ron 
or Wire or Strip. Comparator Method. 
—If the body is a rod it may bo supported 
horizontally in such a way that its expansion 
is not resisted. If a wire or strip, it should bo 
suspended vertically (so as to avoid sagging), 
a small load being affixed to keep it taut. 
In each enso two iiduoial marks aro made on 
tho body and tho distance apart mensurod at 
an observed tomporaturo oithor by a 
cathotomotor or by roughor moans, according 
to tho accuracy required. 

In order that the tomporaturo may bo 
adjusted tho body must ho surrounded by a 
jacket through which steam or other vapour 
may bo passed. This jacket must he provided 
with windows of plane parallel glass or mica 
placed so that the Iiduoial linos may he observed 
through them. Each such lino is obsorvod 
through a sopurato microscope, provided with 
an oyopioco micromotor or capable of a 
small parallel motion in the direction of tho 
expansion, this motion lining indicated by a 
micromotor sorow. If </, and r// aro tho 
micromotor readings at a temperature /,, and 
<l t and f/j.' uro tho readings at L, (roducod if 
ncoossary to the units in which/, is measured), 
thou tjio distance between tile Iiduoial lines at 
l t is /, -l- (ilt - </,') - (d-t - (/,). Calling this / 3 , wo 
havo 

/,=/„( 1-1-X/,), / a ~? 0 (l -I-XL), 

The tonus XL and X/, aro usually so small 
that this can he written approximately 

* 8 = *,[1 LM/ a -/,)]. 

§ (3) Eizeau’s Interference Method. 1 — 
This is an optical method depending upon tho 
colours of thin plates and having the advantage 
that only small quantities of material are 
required. It ia especially useful therefore for 
the investigation of crystals. Tho substance 

1 Man. do Chita, cl do Phgs., 180-t, *1°, 11.; 1800, vill. 
336. 
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to bo investigated is cut into n plato with 
faces, from 1 to 10 mm. thick. This 
.P bato P ( Fir/. I) rests on u piano metal disc 
V which is supported on throe metal screws 
''V'bioli pass through it, and in their turn 

q .. support a second plate 

(of glass) CD. which 
can bo brought very 
near the test plato 
P by adjusting tlio 
screws. A beam of 
light falls perpen¬ 
dicularly <m the glass 
surface of which it 
tlio remainder passing 



IZE7 


HF-- 



Fid, 1 . 


plate, at the seooni 

imrtially rofleutod ; _ L _. s 

Hilo tlio air-gap suffers buoooshIvo reflections 
bade wards and forwards within it, part of 
ib oaenping upwards at each incidence upon 
fcbo glass plate. Interference between theso 
oinurging rays produces intorforonco bands 
fo**n»ocl in the same general way as Newton’s 
J’ingH. Fi'/.eau used whito light, and dotor- 
• nituxl the position of the fringes with respect to 
linens drawn on the under side of the glass plate. 
'Elloir positions dopoiul upon the thickness of 
fcb<i air-gap between P and (ID. In later forms 
<»f tho (lovioo, due to Ablio, the distance screws 
aro roplauwd by a hollow cylinder (or ring) of 
ffuart/. out witii its generating lines parallel to 
q the optic axis. The specimon 

¥ Gohslor is placer! inside this cylinder. 
O Tuba 'j'| u , nietal ami glass plato* 
p| tiro replaced by quart’/ plates. 

Thu emerging light is oxuminod 
through a teloseopo and jirism 
( AVy. 2). The light from a (loisslor 
bubo is used. It enters the telo- 
Hiuipo tube at right angles, is 
do viator! down the tube by moans 
of a small right-angle prism, and 
puMHOH through tlio set of prisms 
ho forts inoideneo upon the plato. 

Thu fringes are now formed in the 
ftioul plane of the objective. They 
would bo circular if the air-gup hud 
pi'csuiunly parallel faces ; in practice 
(dies jdates arc slightly inclined and 
them the fringes become more nearly 
parallel straight lines. 

J f this tirrungemtmt is placed in a 
obfbinlior whioli can ho hontori the 
f rinses are displaced, boeauso tlio air- 

changes in thickness owing to the difTor- 
ontiid expansion of the screws and test piece. 

Uy this moans very small ohangos of thiok- 
uoBH can ho observed. Thus, if tlio centre of 
ono band is displaced through the distance 
bafc'woon two bright lmnds, tlio air-gap has 
oluxngod through half a wave-length of the 


Fia. 2 . 


light employed ; r.e. for sodium light about 
•000029 cm. If the specimen is transparent 
its lower fnco should he blackened to prevent 
reflection at that face. 

Tho expansion of the screws is determined 
by making observations without the plate of 
crystal in between. Tho uso of tho quartz 
ring instead of the screws requires a previous 
careful study of the expansion of quartz. 
Tutton has modified the apparatus by placing 
the specimen on a plate of aluminium, the 
thickness of which is made such that the 
expansions of the quartz and aluminium just 
cancel each other. It iH not likely, however, 
that this compensation will be complete at all 
temperatures. 

§ (4) Temperature Variations of the Co- 
efficient. —Tho mean coefficient, as has been 
said, varies according to the temperature range 
to which it relates ; that is to say, it is itself 
a function of the temperature ; or, in other 
words, the rolution between length and tem¬ 
perature is not a linear one. A more complcto 
representation can be made by writing 
f 1 "1-Njt + , etc.), 
when X,, \ 2 , etc., are constants to be dotonnined 
from experiment. If no powors of l higher 
than tlio second arc retained the relation is 
parabolic, corresponding to concave or convox 
curvature upwards according as X 2 is positive 
or negative. In most eases it is positivo ; a 
body becoming more expansible as tho tom- 
poraturo rises. 

To find / 0 . Xj, X 2 from experiment flio length l 
at eaoh of three temperatures q, / 2 , i 3 , must l>o 
measured. Thus three equations are obtained, 

od'^ih 

IdoX^'i 
h I - fo-^3 a > 

whioli must bo solved simultaneously for l 0 , f 0 X lt and 
f 0 X a . Thoy can bo reduced to two by subtraction, 
whcnco 

li~h =, fo^i(b — h) 'l’f»^»(fs a ~ V), 
h~h h a )! 

whenco 

, x «-h a ) 

0,1 (/* - - /i a ) - </ 3 -'t )<'a a - 'i*)' 

and 

I \ _ (fa~^i)( / 3~fi)~(^~M( , a~h) 

(L~h) a (* a - h) —(*a — h) 3 lb - h) 

Tho value of I 0 is next found by inserting tlicso 
values in any one of tho initial equations, and than 
Xj and Xjj can ultinialoly be found, Such an equa¬ 
tion is cpiito empirical; molecular theory is not 
sufficiently advanced to indicate a satisfactory 
theoretical fonniiln. Various other empirical formula 
may bo employed ; e.j. instead of tlio aimplo formula 
J—it > H usually more satisfactory to write 
h=? 0 /(l - Xf), wboro X must bo olioson to fit oxperl- 
montal observations best. 

§ (f>) Area and Volume Expansion. —The 
change of area of any cross-section or of the 
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surface of tho Ixwly taui easily bo deduced. If 
wo inkn a rectangle, as typical, the sides of 
■which am /„ /j„ and change to l and b, whom 

l-U I 4 \i), and b — l>„( l h-A/}, 

then 

lb = Vj,j( 1 I AO 2 , or A = A 0 <l -I-Xt) a , 

whom A„ mid A are tile anginal and now 
areas. ,Since ill practice At in usually a small 
quantity, wo nun write 

A ----- A 0 { l l-.\f) 3r = A 0 (l -|-2,\l) ajiproximatoly. 

The ohaiigo of area follows approximately the 
Hiuni) law iih the olmnge of length, hut with 
doll Ido the coofiioiont. In the aaiuo way tho 
ohungo of volumo of a parallelepiped is givon 

>»y 

V = V 0 ( L + M) a » 

or approximately 

V -= V 0 ( I -l- 3X1). 

'J’ho value Ih\ in eulled tho coefficient of volumo 
expansion (or on Ideal expansion). Those 
formulae are only approximate. When tho 
required precision justifies tho uso of more 
exnot oxproHsioiiH for tho linear expansion 
they must lift modified accordingly. Thus, 
adding a term containing tho square of the 
change of Loinpomturo, 

V-V n (l-I-\M-X a < a ) 3 

r-.:V 0 (l|-:iA 1 M-3(A a l-X 1 s )t»). 

fSiioli fornudao are easily workod out wlion 
required. Wo will be contont with pointing 
out that tho terms of higher powers liocomo 
ineronsingly important at higher temperatures. 

It should bo inontionod that the expansion 
of a hollow vessel is tho same as if it were 
solid throughout. For tho expansion of any 
part of tho material is in a fixed proportion 
independent of Mm other parts; honeo tho 
whole of the central part may ho removed 
without altering the change in the peripheral 
part. Tina assumes that llm shell is porfootly 
ImjiiogonooiiH. 

jj (t!) I'lxi'ANHioN of Sir.niA dr, ass.—T ho ini- 
portanee <>r silica glass (i.e. (pmrt/. whioh 1ms 
been doerystalUsed hy fusion and subsequent 
soli(lilhmlioii) in tliemiomolrio work has oaused 
considorahhi attention to lie paid to it. Tho 
extreme amallnosH of its oxpansion-eooffieient 
makes the optical method (Fizoim) tho most 
feasilde one. Tills lias boon omployod by 
<’hap|mia, 1 II Huhoei and House,® Randall, 3 and 
Dorsey. 1 ('allondar c obtained tho value 
Td3 x 10-° for the mean ooolllcionb of expansion 
(linear) between room tomperaturo and 1000° 0. 

1 (HiumiuIh, PrtirH Yrrlmix Into'. Comm, den 
I'ii if In rl Menu rim, I (HIS, p. 75. 

I Helieel mid Hoiise. Vi'.rh. rl. 1). Phys. Qc8., 1007, 
lx. 7IK-7::I; IlHl.xvI. 

II Hamlall, I'hysiral ltm'irw, 1010 , xxx. 210 . 

1 Dorsey, Physical lleeicw, 1007, xxv. 88; 1010, 
xxx. 271. 

s Chemical Newt, 1001, Ixxxlll, IDI. 


of a silica rod 40 cm. long, lie stated that 
the expansion is uniform up to 1000“ 0., in¬ 
creases rapidly from 1000° to 1*100“and changes 
to a contraction beyond that point, Tho 
length was measured by a micrometer micro- 
scope, and tho tomperaturo Avns measured by 
tho expansion of a surrounding platinum 
oylindor whioh was heated by passing an 
electric eurront through it, and thus heated 
tho silica in turn. 

Molborn and Henning used a rod of silica 
i>2 cm. long and, by a microscopic method, 0 
measured the length 

at room tempera- -0,———,——— r -~ 

,, rr ,n r ,\(\0 ‘1 Un ,r HxpJ islon * 

turo, 250, 500 , goo -_j of - .L 

750“, and 1000°, » 0> . „ P h ™ sme, / _ 

using olooti'ical 40O ____ 

heating inside a _ /_ _ 

porcelain jaeUot. 71 

Luo temperatures / 

at dilTorcnt points ~7 ~ 

of tho rod woro Uc y ~ ~ i 0 V o io-j mo°o. 
m o a a u r od by ],’ 10i ; It 

therm ooou pics. 

The results of all these investigators liavo 
boon co-ordinated hy G. W. 0. Kaye, 7 and aro 
shown on the subjoined curve, 

Tills ourvo Avas dmAvn out on a largo scale, 
and from it tlio following mean coefficients 
avovo (lorivcd by him : 


Tompomtmn 
llango, 0 0. 

Moan 

Cocllklant y. 

Teiiilierntnio 
llniiRo, °0. 

Mean 

Cucmclont»A. 

-100 to- 12(1 

-120 to- HU 

- HU to- 10 

- 4(1 to 0 

(Mo 30 

— 0-43 X 10- 8 
-(Ml „ 
-MM4 „ 

031 „ 

012 „ 

HO to 100 
mo to r.oo 
600 to 1)00 
HIM) to 1100 

(>•63 X 10-‘ 
0.68 „ 
0.60 „ 
0.S0 „ 


The negalivo coefficient bolow - 80° 0. is of 
great interest. 

An investigation by Callondar on a silica rod, 
using a Newton’s ring method, gave results 
botAvcon 20° and 300° 0,, which ho represents 
hy tho formula 

X=(78-0-M^) 1 0-», 

Avliero A is tho mean coofiieionb botwcou 
0° and 1° 0. 

Some experiments hy Callondar 8 appear to 
show that silica glass, when drawn into tubular 
form, is not isotropic. Further investigations 
are required under this head. 

§ (7) Exl'KKIMKNTAl, Rksui/es. — Wo give 
next some experimental values for different 
substances obtained by various methods, 
Writing 

i^i a (i+Ai H-:ut 2 ), 

tho values of A and 'B are as follows : 0 X jn0 is 
tho mean coofiioicnt hetAveon 0° and 100° 0. 

5 If. ami If., Am. tier Phys., 1002, x. 447. 

’ ICayo, Phil. Mug., 1010, cxv, 723. 

8 Oaileiwlar, Phil. Mug,, 1012, xxlil. 008. 
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Meumi romontH of t]i« linear cooilicient 
a \) nt, very low temperatures have 

liemi made by many investigators. 1 

I I "'Ho ilelenninatioiiH mo of great interest, 
Inunnimi 10. (InmeiHon 2 has shown that there 
in almost atriot proportionality in the enso 
of metals between tlio coefficient of expansion 
and the npiHillie heat of eonHtant prosBuro C_. 
I lain are given below, together with the value 
of the ratio \/(.!, 


ro. 

A-l 10*. 

AlO’/Oji. 

- 173“ 

Aluminium 

13(1 

(157) 

• mi) 

18'2 

too 

it 

230 

111) 

100 

2'l -0 

112 

300 

20-0 

119 

•13)1 

20-H 

112 

- 87" 

Wrought Iron 
0-0 

105 

(1 

11-7 

100 

100 

12-7 

109 , 

300 

14-8 

104 

5(10 

17-0 

80 

701) 

1(1-0 

50 

0" 050" 

24-5 

112 

117" 

Nickel 

]()■! 

117 

0 

12-5 

120 

loo 

14-0 

121 

300 

HI 

114 

500 

HI-8 

12(1 

••87" 

Copper 

14'1 

174 

O 

KM 

177 

I0O 

10-0 

180 

■101) 

10-3 

170 

1101) 

20-0 

182 


rc. 

Ax 10 s . 

AlO'/Cji. 

-150° 

Palladium 

0-2 

192 

-100 

10-1 

101 

0 

11-5 

108 

100 

12-2 

197 

875 

15-5 

204 

- 1(17° 

Silver 

15 

(319) 

- 87 

17-1 

320 

0 

18-3 

327 

100 

19-2 

331 

500 

23-1 

350 

800 

25-0 

342 

0" 

Iridium 

(1-311 

205 

100 

7-0 

212 

1200 

0-5 

207 

-150° 

Platinum 

7-4 

200 

-100 

7-0 

208 

0 

8-0 

280 

100 

0-2 

277 

875 

11-2 

207 


1 If. I), Ayroti, Vhi/ft. llr.v., 1005, xx, 38; F. Hen- 
nlnu, dim. «/. Vhm'., ID07, xxli, 031.; K. School, 
Verb. il. Mitt neb, l'/mik. Oca., 1007, lx. 3 ; ,K. Sdicel 
imil Ileum!, Verb. it. Detilsch. P/iysik, Gcs, ]>. -i-10 ; 
J. M. Hlii'iirnr, Vhm. Hcv. . 1005. xx. 52, 

" Ann. ilrr Phya.i 1W®» xxvl, 211. 


It will bo seen that the linear ooefllciont 
diminishes with fall in temperature. It is 
certain now that the specific heat falls at an 
increasing rato until near the absolute zero, 
but finally varies ns the oubo of the absohito 
tomporaturo. It may ho expected therefore 
that the coefficient of expansion will do like¬ 
wise, becoming zero at the absolute zero itsolf. 

If. Expansion op Non-isotropio Crystals 

§ (8) Tiikoretioai, Consiuehation. —When 
the orystnl is non-isotropic, its expansion 
with temporoturo is difforent in dilTorent 
direotionB. This was first shown to he the 
case by Mitschcrlich, who discovered that the 
angles between the faces of a cleave of Iceland 
spar vary with iv cliango in temperature. Lot 
us assume that three mutually perpendicular 
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dimelions in tho crystal can lie selected, such 
Unit if two particles Ho nl one temperature 
on any one of those axes tlioy will continue 
to do ho if tlio loiupcraturo is altered. To 
eaoli of these directions, x, y, z, corresponds 
a ooolliciont of linear expansion, \ x , X„, X, 
rospoelively. These are culled the principal 
coollioionls. A oubo, each edge of which is 
l n , at y.ot’o temperature with its edges parallel 
to one or other of these directions will, oil 
change of temperature, become a parallelepiped 
whoso edges are given by 

1+V), 

ly — 1 o(l 'I'XbO* 

-1 -M>. 

ami the volume becomes 

V -= lj u l, --=/ 0 3 [l -I- (X» -l-X„ -I- X,)i]. 

[.nt ns now take nny straight lino of length r, 
making angles 0, r/i, mid 0 with tho nxca x, y, z, 
and lot it nhtuigo in tompcmlm'o so as to bceoino 
of lougth p at t" (! whore 

p-r< l-i/tt). 

Thou since tho squaro on p is oipial to tlio ainn of 
tho wpmros of its projections on x, y, z, 

p* con 2 0 (L -l-X*/) 3 -I -r* co.s a 0 (1 +X„f) a 

+r a cos a 0 (1-|-X*f>® 

% r a -|-2r 3 /(Xoj cos 3 0 |-X U cos 9 0-1-X* oos a 0) 
r a (l-|-2/f0, 
whonco 

/f==X M «os a 0 \-\ u roH a 0 -l-Xj cos 3 0. 

Now lake any threw mutually |»ur|H>iiilIoiilnr dircotions 
of which Unit of /> is one. Thou 

/f, K x l!OH a 0 I X„ COS 3 0 1-X, COS 3 0, 
fi a -»\a <!<w a 0 +X„ cos 3 0 I X* cos 3 0, 

(i a <-\x cos 3 0-1-X,, cos 3 0 +X, nos 3 0. 

Milt since cos 3 It |-clis 3 0 -I-coh 3 0?3 I, 
it follows Hint 

ftl'l fli I 5,1 A*-l-A v l-X,. 

UVnoo tills hiii it in an invariant for all Huoh oats of 
nmtiiiilly peipciulUnilnr axes. Wo have aeon that 
this man is eipml approximately to tlio coofllcicnt 
of volume expansion, 

If we select a direction whioh makes tho 
Hiuno angle w with each of tho chief axes ho 
that 

eon® (o -- eon 3 0 --ooh 3 0~oos a 0 — ■},, 
and for which w is therefore 154° ‘14', then for 
thin direction 

j-i - (X* -I- X v 1- X») ooh 3 to 

! “ jH'Vo - | - Xu K), 

'!-->ar eoellleiont for this direction 
-- • e "-o threo cliiuf 


§ (9) ExruniMUNTAL Rusur/ru.— Tho best 
values of tiic coefficients have been determined 
by Pi’/,can’s method. In Homo eases linear con¬ 
traction takes placo (in particular directions) 
instead of expansion ; but this contraction is 
always very small. Tho volume coefficient is 
always positive. In the hexagonal system 
PfalY found that in optically negative crystals 
the expansion along tho axis is always greater 
than at right angles thereto ; while the reverse 
holds for optically positive crystals. Tho 
values for quart?, and Iceland spur have bcon 
very carefully determined by Benoit, using 
Pulfrieh’a modification of Fizcau’s apparatus, 
For quartz tho longlli along tho axis hetweon 
0° G. and 80° G. is given by 

/,=/„(! +7-1014 x 10* + *00801 x 10"»f*), 
and porpendieular to tho axis by 

l,-=U 1 -I-13*2040 x 10- a i +‘01103 x 10- fl f a ). 

For Iceland spar tho corresponding values 
bolwccn 0° G. and 80° C. are: 

Along tho axis 

/ 4 =7 0 ( 1 +25-1353 x 10-°f + ‘01180 x KHi 9 ). 
Perpendicular to tho axis 

/,=/ 0 (l -0-C782 xl0- n f-|--00138 xl0-V). 

Tho Inst equation indicates a contraction 
with inoronso in temperature. 

Fodorow 1 has employed a now method for 
tho examination of crystals. The suvfaco 
of a section of tho crystal (out in any desired 
piano) is coated with a thin layer of a noble 
metal and a diffraction grating is ruled 
thoroon. If tho grating spaoo changes with 
temperature tho deflections of the spectra 
change in about tho same proportion. These 
shifts enable tho thermal expansion to ho 
studied. 

Even an apparently homogeneous mass like 
Carrara marble exhibits crystalline properties, 
i.c. tho oxpnnsion is different in different 
directions. Very careful measurements havo 
bcon made on a specimen obtained from tho 
Japanese Imperial Museum by H. Nisi, by 
means of tho Fizeau-Pulfrieli method, Hollow 
cylindrical rings wero out in different azimuths, 
and formed tho distance pieces of the two 
plates botween whioh intorforonco figures woro 
obtained. At 20° tho coefficients for three 
mutually perpendicular directions woro: 

x, y. z. 

1 st bpoolmcn . a-OOXlU'* 4-i8xl0*« 8-0Qxl0' J 

2nd Specimen . 2-OS x 10-° .. 8-1-1X10-' 

Values woro also obtaincilfor other azimuths; 
tlioso in tho x, y plane lio sensibly upon an 
ellipse. Near 0° C. tho expansion was negative 
in and near tho x dircotion. In connection 

1 I.fhrbuch der Krystallographic (St. Petersburg, 
1001). 
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with Uiifl crystalline property it may be added 
Mia( ' «xlnbits definite cleavage planes. 


HI. lOxi* ansi on oii’ Liquids 

$ (10) MEASUREMENT Ob’ T1IE RELATIVE 
Itxi'A nsion. In tlio ease of liquids the 
volumn expansion alone has any sign Hi canoe, 
"i- n liquid bus no intrinsic shape, but takes 
Hie shape of that part of a vessel which it 
• Humpies. W« can again express the volume 
in powers of the temperature, writing 

V V„(l l «,t -i-a / 2 |- . . .), 

<*r approximately 

V”-V„(l l-ci,f). 

In most of the methods of determining ni 
experimentally the expansion of the vessel 
(in which the liquid is necessarily contained) 
enters us a complication, aiul it is therefore 
neroHHiiry, in such eases, to liavo a previous 
knowledge cf the eoollioiont of the solid of 
which the vessel is made. Two methods will 
he doNiirihod which fall into this class. 

(1.) Deter in iiinlion of «, by finding Ike, 
A ji/ntmit Weight of it Solid suspended in the 
/iii{nid nl Vnrionn Tc.niperaturca. —(By Arohi- 
mede>r principle the apparent weight of tho 
solid \V„ is cquul to the real weight W minus 
Urn weight w of an equal volume of tho liquid, 
or 

w- ; VV \V n ■ = vul. x density of liquid 

Vl>. 


Let m be delermineil at two tompomturcs, thon 


or 


«'j --- V,!),, 

«> a :uV # D a , 

«’n v* j).; 


Now Mm ratio of tho densities of tho liquid 
must lie inversely as tho ratio of tho volumes 
of n giren inii, of liquid, i.c. 


IS.1 T at i 

I ) a 1 -I- aif 

Also emisiilcring tho solid, 


vri+7*i* 

where y in unofihnonfc of vnhmio expansion of 
the solid, Jloneo 


nil 1 I rIj l y t i 
M' a 1 i-a(j 1 +7 i t ‘ 


so that a knowledge of 7 enables a to ho 
cahmliitod from tho obsorved values of w and 
I, Approximately, in usual cases tliis can bo 
written 

w i ■ J 
wa ' i 

: ’yl —7)^9 —ii), 


so that the alteration of apparent weight is 
tho samo as if the volume of the solid had 
remained unaltered and the coefficient of 
expansion of the liquid had been a- 7 . Tho 
vuluo of a - 7 is called the coefficient of 
apparent expansion. When the difference of 
temperature is too great to justify the last 
approximation, we can write 


u(/ 2 -t,) 



or 


S-'l“'f 2 _is, 

~ rft w., 7 ' 


As a rule the last term ih very nearly equal to 
7 . If amorphous silica is used as the solid 
tho correction for 7 is exceedingly small, and 
it may often be neglected entirely. 

(ii.) The Weight - thermometer Method. — 
A vessel is taken of the shape shown, usually 
of glass or silica. This can bo completely 
filled with tho liquid under examination by 
alternately heating and cooling it while the 
open end dips under the liquid 
in a porcelain crucible. Thcro 
is often a dillieulty in remov¬ 
ing the last trace of air which 
sticks in the neck. This can 
only be done by boiling the 
liquid which has entered until 
half (or more) is evaporated 
and then lotting it cool, re¬ 
peating the operation if it 
docs not succeed tho first 
time. Tho cmirso of tho experiment consists 
in lotting tho filled thormomoLor attain two 
tomporalurcs in succession, tho open end 
being kopt immersed in tho liquid in tho 
cruoihlo, and weighing it after each adjust¬ 
ment. If tho weight of tho empty thormo- 
motor lias boon determined onco for all, tho 
weighings give tho weight of liquid contained 
at tho respootivo temperatures. Tho calcula¬ 
tion of tho coollhiiont follows tho samo lines 
ns in enso (i.); in fact no further ehnngo is 
necessary, if nq, w % are taken ns tho weights 
of liquid contained at the two temperatures, 
and Vi. v s are the corresponding volumes of 
tho containing vcssol. Hence, finally, 



tv, , to. — u>, 

a--y = •— - -, 

W 2 •«/„(*,-*!) 

TI 10 necessity of knowing 7 heforo a can bo 
calculated is a defect of both these methods. 
It is practically impossible to determine 7 
direotiy for the actual vessel omployed. 
Morcovor, there* is often doubt ns to whether 
tiio material of tho vessel can bo treated as 
isotropic, oven when very woll annealed. 
Owing to tho introduction of silica that has 
boon fused and resolidified in tho non- 
ovystallino form tho importance of 7 is much 
diminished. Its value for glass is about 
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It x -OOOOIHI or <(K)0027 ; whiles/nr silica it is only 
•OOOOOOo x 3 or '001)0015. Tho value of y for 
mercury is about. -000182, so that tho apparent 
coefficient in gloss in about '000155, while in 
silica it is -0001805. it is evident that ovon 
an approximate valuo in the eases of silica will 
bn suffusion My good except in investigations 
of tho highest precision, 

Tins introduction of silica has tho additional 
ai l vantage that tins manipulation is much 
siinpliliud. With glass it is necessary to heat 
the vessel and incoming liquid nearly to tho 
same temperature in tho process of filling in 
order to prevent fracture from a sudden change 
in torn porn lure. In tho caso of a silica 
tlicrniomolor no such precaution is required. 

This method is of great use for determin¬ 
ing the eoeHioiont for a solid indirectly. In 
this on so Mio coefficient for tho liquid must 
Iirst bo known. Wo dosoriho in § (11) tho 
only known method by whioh it can bo 
determined. It is not usually possible to 
make Mm thermometer out of tho material 
under test. A therinnniotor of glass (or 
silica) oun lm made containing a woighed 
block of tho test specimen. Tho volume 
numipled by the liquid, v Jt is now tho difforonco 
between tho volumes of the vessel V and of its 
solid uontonls (>>'). Ah hoforo, wo havo for 
tho liquid, ut two tom pom turns, 

W| ^ --‘(l +«/) approximately, 

w. 3 v 9 J ) 2 iV 


or 

Now IE 
and 


a 


',= -"(1 -b «/)■ 
Vy ' 


‘v, 

V a = V,(1 +yt) 
V-A '=«V(1 -i-*0» 


MliH ImeomcH 


1 -I- 


(V.y-^)/^ ( i + «d. 

v t - I'/ U'l 


Tho volumes V and V, can ho ouloulntod from 
tho weights oE the soliil and of tho liquid at 
f t if their doiiHities at that temperature nro 
known. Hence a further previous knowledge 
of a mid 7 enables tho coolUoiont s for tho 
solid to ho determined. 

Any form of Hpooilio gravity bottle is essenti¬ 
ally it weight thermomotor. Tho removnblo 
stopper faeilitales tho introduction ‘>1 any 
liquid or solid. 

(iii.) Volume Thermometer Method. — Tho 
principle of this methml is very similar to that 
of tho weight thermomotor, but volumes are 
observed instead of weights. A bulb is taken 
with a atom of uniform boro attached. A scale 
can he graduated upon tho stem, or alterna¬ 
tively a single llducial mark can bo made 
thorium, mid by means of a eathotomotor tho 
distimed of the level of the liquid from this 
mark can bo road. It is noccssary first to 


find tho volume of the bulb up to the zero of the 
scaloj this is done by weighing the Miormometer 
empty uiul containing mercury up to tho zero 
when in melting ice. If now nil additional 
amount of mercury is admitted, so 
that the surface at 0° C. is at tho 
level a, and the whole is reweighed, 
the extra weight gives the volume of 
a divisions of sealo in the same 
units as tho weight of the original 
mercury gives tho volume of tho 
bulb ; and from these data tho volume 
corresponding to one scale division 
when at 0 ° C. can ho calculated; let 
it bo v a . 

Now oxpel the moron ry and replace 
it by tho liquid under test. Observe tlio 
positions ,t 0 .-r l of tho surface at 0 ° 0 . and at 
t° C. Then the volumes occupied by tho 
liquid nro 

V.+ .Vo and (V 0 + ay.' 0 )(l -I- yt), 

(y = vol. eooificiont for vessel), so that 


V, 

Pig. K 


(V 0 + x,v 0 ){ 1 + 7 /) = (V n + 3V J o)( 1 + 5 

whence, if 7 is known, u is onleulahlo. 

If tho alternative method is employed, j'.c. 
tho lengths aro read by means of an independ¬ 
ent scale (c.g. tho scale of a oatholomoter) 
at tho tomporaturo l a , and if is tho linear 
coolTioiont of expansion of tho sealo and X 0 
that of tho material of tho bulb, tho volume 
of a true contiinotrio length of stem at a 
tomporaturo t is i>, =t>„(l -I- 2XJ). Ilonco if tho 
scale readings aro in every caso reduced to 
true centimetres by multiplying by 1 -}■ \,t a , 
tho formula becomes 


li, 


V 0 (l + 3 tf M) H- *,» 0 (1 -h 2\ g t) --(V„ + ,r 0 y 0 )(l -!•«<), 

whore .t, and a 0 are tho sealo readings after 
reduction to zero. 

§ (11) Ahsomjtb Expansion of a Liquid.— 
Thoro is only ono method of determining a 
whioh docs not requiro a knowledge of tho 
expansion of tho containing vessel. This was 
iloviBod by Dulong ot Potib 
and employed by them and, 
with various modifications, by 
Rcgunult, Calloiulftr, and othors. 

It is a hydroHtntio method, 
ubo boing nindo of tho fact - * 
tliftt tho inurenso of pressure 
with depth in a liquid is pro¬ 
portional to its density ns 
well ns to tho difforonco in 
depth. If two liquids (whioh do not mix) 
are placed in the two limbs of a U-tubo 
tho interface A botwcon them adjusts ItsoU 
so that tho hydrostatic pressure thereat is 
tho same sb that at tho same lovol in tho 
other limb. If tho heights of liquid in the 
two limbs (measured from tho level of the 



Pm. G. 
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Ititoi-fftcc) arc /q and h 2 and the densities of tho 
u l Utclf! arc Dj and I) a , then 

ryq^iy,. 

instead of taking two liquids, let a 
single liquid he con¬ 
tained in both limbs so 
that the free surface in 
both comes to the same 
level when both limbs 
are at one temperature; 
they will fail to do so 
when a difference of tem¬ 
perature exists between 
them, for they will then 
lie of different densities. 
Phi. 7. Let tho lengths of tlio 

heated and unhealed 
columns ho /j a and /q. Thou 

KJ\ 

tiiid thin equals 

1 -lot, 

1 -I- all 

In the previous eases ; or 



A r . Jl. If a stopcock had lieen inserted in the 
Li j rivicmtal connecting piece, and at uniform 
tom pomturo tlio stopcock worn turned off, 
tho height on the right would remain unvaried 
’vvhilu the height on the left would increase by 
iui amount depending upon the expansion 
nf both tho liquid mid tlio vessel. In fact, tho 
volume occupied would he changed according 
to t he nqimUon V — V„(i -|-a(/ a - f,)); the 
otohh- sectional urea according to tlio equation 
A A n (l \-2y(t 2 - 1 ,)); and tluireforo tho height 
(supposed to ho road on an independent truo 
soalo) according to 

... 1 i|) 

>< i.i-i 

It'll in is less than in tlio aotual oxpor* 
in other words, in tho actual oap' 
liquid (lows th 
commoting tube 
cold to tlio hot 
ing tho nttuinm 
equilibrium stnt 
(i.) Henna nit' 
mcni-i. — In 3) 

Petit's origina 
monts tho lio 
unhealed oohn 
at fliimo distan 
Tho difficulty o 
ing tho different 
is fchoroby inoronsed. Rcguault 
tlio method by bringing tlio oolumn 
at fclio top as indionted in tho sketch 


far 
Stonn i 


OutfatJ 



tl’lO. 8. 





To obtain accurate values the. temperatures 
of all parts of tho liquid columns must tie 
observed. If t-heso temperatures are ro- 
piesontcd by letters of the same typo as tho 
columns themselves the final equation becomes 
H ( }>2 _ IP 7q 7q 

1 + a T T 1 -i- a 2 l 2 l + a Y 1 + rqh 1 + a 3 I 3 ‘ 

Rcgnanlt determined tlio value of a T by means 
of tho formula by tho method of suceessivo 
approximations; that is, by first assuming 
a to l>e constant, and finally insorting in each 
term the approximate value 
found for tho respective 
temperature range. A 

Itcgnnult also devised 7 
another modification, tlio • 
gonoral nature of which 1 
is shown in Fig. 9. Tho ^ 
pressure is equalised at tho ; 
upper love! by a connecting j 
tubo All; at tlio lower end ; 
the commotion is 1)}' an in- T 
vorted U-tubo, tho upper 
part of which is commoted 
to a reservoir ami pump, anil contains air at 
high pressure. Tho pressure is tho samo at 
tlio Hiirfaoo of both tho surfaces of mercury in 
the limlm of this U-lubo. Wo have therefore 
_H_ ht_ H'_ 7q_ 

i+B v T l + « 2 < a l -I- a't' 1 t-cqf,‘ 

Rogiuiult represented his results for mercury 
by tho empirical formula 

« T —(MMK)17f)0o -l-2T>2 x l()-» T, 

wl'"• 11 .’ ' 

O' 

( 



1 

aider 

para 

l’oprc 
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pniision of nvormiry in glass vessels, found 
Silio value 

0-00018245. 

Moro recently Olmppnis by tlio woight- 
thnrmninntnr mol In id finds for tho range from 
-20" In 0" tlio equation 

Vl =jv^ I I- I -815105 x 10-'/. -l-1-1)5130 x lO'W 

-I-14)05)17 x lO- 1 "/ 1 - 2-03802 x lO"' 3 / 4 ), 

mid fmm (ho range 0° to 100" 0. tlio equation 

v, ::i»»„(!. I- 1-HlOOO‘l x It)- 4 / -2-051206 x 10- # / 2 
+ 1 14602 x 10- ln i 3 ). 

’I'liis lust gives us n mean eoliflicient liotweon 
0" nml 100° O. tho value 

0-000182541. 

(ji.) dull tutor's Experiments.—' Theso vnlues 
hIioiv (lUTerone.es which aro oonsidoraMo wlion 
tho importance of this coofticiont is home in 
mind. 

1 tegnmilt's romilts “ though as perfect as tho 
methods and appnmtuH available in his time 
would permit, and obtained with all tho caro 
ho iisod to sooiiro aeonraoy, loft a much 
greater margin of uncertainty than is admiss¬ 
ible at the present tiino in many oases to which ! 
they have boon applied. Tlio order of un¬ 
certainty may he illustrated by comparing tho 
value of the fundamental ooofltolont of ex¬ 
pansion given by Regnault himsolf with tho 
values sinee deduced from hin ohsorvations 
by WMinor and Brooh. Tlio discropancy 
amounts to l in 180, . . . and would bo 
equivalent to an uncertainty of about 4 
per cent in tlio expansion of a glass bulb 
determined with mercury by tho weight- 
thermometer method. Tho uncertainty of 
the mean coeflielent is naturally greater at 
higher teiuperatiires. if in place of the mean 
eiiidficiont ive take the actual oooflloiont at 
any temperature the various reductions of 
llegnuidt'H work are still moro discordant, 
urn! the into of variation of the cocflloiont 
with temperature, which is nearly as im¬ 
portant ns tlio value of the mean eoolliciont 
itself in certain physical problems, liooomos 
MO uncoil dll that the discrepancies often 
exceed the value of the correction sought. 
It is only fair to Hegnault to say that thoso 
disiiLiqmncicH tin ho to some extent from tho 
various assumptions nmdo in reducing his 
results, nml are net altogotlior inherent in 
the ohservnUons thomRolvos. With regard 
to the weigh l-thermo motor niothud, altlumgh 
iho acoumoy of weighing permits an nccuraoy 
in the final result of .1 in 20,000 of tho weight 

<■ mercury ox polled corresponding to tho 

.lumen lid Interval, yet it leaves the absolute 

value of tho fundamental interval uncertain, 
because it Is rath or gratuitous to (umuino that 
tho expansion of tlio containing bulb is the 


saino in all directions, however carefully it 
may have been annealed. Chappm's’ results 
witli tlio weight thermomotor nearly agree 
with Wiill nor’s reduction of Bcgimult’s by 
tho hydrostatic method, but they can ho 
brought into line with Brooh by assuming 
that tlio expansion of the bulb along a din- 
meter was about 2 per cent less than in tlio 
direction of its length.” Theso considerations 
led Callondar and Moss to repeat Itegnault's 
investigation on a larger scale with modern 
appliances, the wholo experiment being so 
designed ns to give, if possible, tho same order 
of accuracy in the absoluto expansion that is 
obtainable in tho relative expansion by the 
weight-thermometer method. 

Instead of the single pair of hot and cold 
columns, each 1-5 metres long, omployod by 
ltcgnnult, six pairs of hot anti cold columns, 
each nearly 2 metros long, were conncotcd 
in series, giving 
nearly eight times 
tho o x j) a n s i o n 
obtainable with «i_ q_fi_ 

Jlognaiilt’s appar¬ 
atus. 1 

Tho hot and 
cold columns are 
labelled II and C 
respectively. Tho 
difforonoo of 
height z-u, will o d g h it 
he six times the fio. jq. 

difforonoo duo to 

a singlo pair. In tlio aotual apparatus the 
crosB-tubo c/ was doubled liaolc ro ns to bo 
behind be; similarly for the others. All tho 
hot columns wore placed togothor in ono 
limb of a rcctanglo of iron tube, 5 cm. in boro, 
filled with circulating oil and lagged with 
asbestos. All tho cold columns wore placed 
in ono limb of a similar rectangle. The 
Hocatid limbs of the rootangles wore utilised 
for tho olootrio heating coils and tho ico- 
oooling bath respectively. Centrifugal oirou- 


1 Similar Increased expansion could bo obtained 
by using a single pair of great length. But in this 
east) the average pressure of tlio moroury would bo 
very different, mid since tlio coolllclout may no 
oxpootod to vary with tho pressure an additional 
Hourro of variation would thereby bo Introduced, 
liven In tlio actual experiment ns carried out. by 
Callendnr the mean pressure was about 'l\ atmo¬ 
spheres. Accord lug to Bridgman the elmiige o f 
tlio eompressIbllU.V of mercury per degree Is iilinut 
7 x 10-’ ( 1 /iitmos. 0 (J.) iietween 0° and 22° 0. We may 
deduce from this that tlio change of a. per atmo¬ 
sphere should be about 7x10-' 1 also. For 1 ,V atmo¬ 
spheres excess this makes about 1 x 10 -a ; that Is, 
only the fifth significant Oguro should lie affected, 
lint with ton times this pressure tlio fourth would 
begin to bo alTected. Values of tho coefficient are 
usually given to at least five significant figures. 
When the determination of the coeflielent comes 
to lie perfected so ns to justify a retention of 
the fifth figure It will ho necessary to specify 
tho pressure of the mercury to which the values 
refer. The theory of the Itillucnco of pressure Is 
fiiVOIl In § (12). 
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la tors continuously driven by an cloctrio motor 
'voi-o provided for maintaining the oil in 
J-<xpid circulation through the rectangles, so 
the temperatures of the hot and cold 
c *»lumnH wero each nearly uniform, Tho 
temperatures of these columns were 
by moans of a pair of platinum 
tHcsi-riioinoters contained in tubes similar in 
to tho tubes containing the mercury 
mvmfl. The lengths of tho loops of platinum 
" ' , ' (i forming tho “ bulbs ” of the thermometer 
'V'Cii-o made as nearly as possible equal to the 
■onggtha of tho columns, and wero fixed at 
enuno level in tho tubes, so as to give the 
trues mean temperature, in ease there were any 
,V 1>I» resemble variation throughout its length. 
M-«U.M»iromonts were nuulo up to 300° C., and 
total assemblage of the results obtained 
\vuro fitted to a parabolic formula 


o“( 


-[ 


1 S 0 M 03 + 12444 j~Jg + 2539 


(bo) 1 ] 


x 10 _,n , 

tf > Wliiuh ooiTOsponds as valno of tho funda- 
moixtnl (inefficient 

oft i do ~ ()■ 000182053(1, 

wliicih they eonsldonul to ho uoourato to ahmit 
I jnut in 10,000. The value 
in, however, 1 part in 1300 
hunts hlmn I Smell's value based 
oil Rogmiult’s experiments, 
an cl fi parts in 1300 less than 
0.1 m.injuis’ value deduced from 
witif^hb-thorinoinotar mournne- 
nicuifH. 

'l-’hia cliHoordanco led F. -T. 

IT tvi "low (under Callemlar’s 
getiicluueo) to niako u series 
of weight - thermometer do- 
tor initiations, using n silica 
wntglit thernumictor, Tlieso 
appear to Itavo been nuulo 
with great care, and the values thoy give for 
t! ns cKiofliciont of ajtparmt expansion in silica 
may ho taken ns amongst tho host monsuro- 
rncmts mudo. Since tho disouasion that lins 
tuTcon place turns on tho deduction of tho 
cinofTloiout of absolute expansion from thcao it 
in important to give tho results obtalnod. 


(both cylindrical), a value at ICO 0 with a 
spherical bulb, and values at 100° and 184“ C. 
taken previously. The percentage accuracy 
is not so great at the lower temperatures 
ns at tho higher, owing to tho smallness 
of tho overflow, but above 50° they are 
regarded as being accurate to 1 port in 
13,000, Tho close correspondence which 
lie obtained when he employed both a 
cylindrical bulb and a sphoricai one seemed 
lo justify the conclusion that the silica was 
isotropic. 

If tlieso values bo combined with the 
values for silica obtained by Cnllondar on a 
rod of silica procured from (ho same firm, 
which are given by the formula 

for the mean linear coefficient, tho coefficient 
of absolute expansion of mercury takes the 
values given under the head Harlow (Cal¬ 
endar ) in the table beloiv, If, on tho other 
band, the values for silica deduced by Kayo 
from Randall and Chappuis, cto., ho employed, 
thoso given nndor tho hoading Harlow (Kaye) 
are calculated. 


lYmppiature 

Mungo. 

1 . 

Olmppuls. 

f.'allomliu 

mid 

Mass. 

3. 

Harlow, 

1013. 

•1. 

Hears' 

Qimrtlu. 

(Ciilleiulnr.) 

(Kaye,) 

0 ° - 30° 0. 

18,171 

18,005 

18,108 

18,187 

(18,174) 

50 

18,183 

18,124 

18,188 

18,201 

18,104 

75 

18,211 

18,103 

18,213 

18,223 

18,221 

100 

18,254 

18,205 

18,244 

18,251 

(18,251) 

HO 

.. 

18,280 

18,305 

18.305 

18,30(1 

184 


18,371 

18,387 

18,380 

18,379 

200 

, . 

18,400 

18,411) 

18,410 

(18,410) 

250 


18,525 

18,537 

18,523 

18,522 

o°- 3 oo a 

•• 

18,057 

18,078 

18,(100 

(18,GOO) 


Taj in |>nm- 
turn 
Hutw, 

(,'ni'IIlclniit 
ot A |>|nroHt 
Ksimimlan 
xlO*. 

Tomiwm- 

Inrn 

ItuUgn. 

CoGltMeilt 
iif Appiimit 

ttxpunfttnn 

XlC. 

o° — 3«)° 

180110 

184 

18220 

no 

180118 

200 

18248 

7 ft 

18081 

250 

18350 

100 

18102 

300 

1848(1 

1 IO 

18150 




'I*iio.so data nro the mean of values obtained 
wifcli n largo bulb thermometer, a small one 


Finally, in column 4, uro values calculated 
by Sears from a quartio formula made to fit 
exactly the four values enclosed in brackets. 
Tho values up to 100° C. wore calculated by 
talcing a moan of the Harlow-Callomlnr and 
tho Ilarlow-Kayo values and thon a mean of 
this and Chappuis’ value. Abovo 100° C. 
tho mean of tho throo quoted values was taken. 
It is probable that column 4 represents the 
best that is known at present concerning tho 
absolute expansion of mercury. The formula 
from which tho intermediate values in column 
4 liavo been calculated is 

v-v 0 _ 

' y~ 

/181-456i -}-0'009205f a -(-0-OOOOOG008F\ in _ 0 
^ -1-0'000000067320^ j X1U ' 

Tho renRon of tho very considerable differences 
botwcon tho values of Cnllondnr and Moss at low 

3ii 


vor,. i 
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t(!in|iomliirt's anil l-lin eons minus nf llioso obtained 
l>y olliera lias mil yet been cleared up. 'I’lin fact 
that hind glass uni) silica bulbs give conoonlnnt 
results is ugjiiiml. 1-110. uHsimiptiim of tho lmllm being 
noti-iKcslritpifs; an also is tho faot Unit very fair 
ngri-emont is obtained nt highor (enijtcratnim If 
wo jirneecil conversely anil eiddulato the oxjmnsiou 
of nilioa. from Harlow’s vnluos for' tlio apparonb 
oximnuion mill (’iillonilnr and Moss's absolute values, 
iinpitvitble vulm.-s for it me obtained unless conniiUir- 
iililts non-lantmjiy is nailed in as mi explanation. 

Tho miKi'ralion Iiuh also been made that, tho weight- 
theinminetor method is less aeoiiralo than the 
liyd riirtlutid method on nneoniit of tho films of nir 
which cling obstinately to tho vessel. Experiments, 
limvover, made with weight thennoinetors containing 
blades of silica p re non ting a largo surface do not 
support tho suggestion. 

(iii.) I'lxpannion nf Water. — Wn lor is 
nlinnmloUH iti its behaviour in tho rogion 1)0- 
txt'con 0° O. and V,. Tho fol lowing uro rolativo 
volumes of water nl various temperatures : 1 


-.111° 0. 

1-0017 

l -0000 

0°. 

1 -0000 

ri°. 

0-001)0 

10°. 

1-0001 

1R’. 

1-001)7 

1MI°. 

1 001(1 

S!4". 

1 -0028 

00°. 

1-0041 

:m°. 

1-0057 

■10°'. , 

1 007(1 

4R°. 

1-000(1 

w 0 . 

10118 

18°. 

] -0143 

„0(V. 

1-0108 


70°. 

1-0224 

7n’. 

1 -0255 

R0’. 

1 -0287 



Tho following values, in tho neighbourhood 
nf -P C., nvo rointivo to tho vitluos at 4° 0. : 


0° 0. 


•1°. 

0°. 

s’. 

-1)0087 

-oiirnn 

1-00000 

■01)007 

-1)0088 


Tho anomaly in of Ion attributed to tho 
oxiHlnneu of hi iron ty pes of molecule, ir 2 0, 
Sll 3 (>, .’MLO, the limt (mniiohyclrol) being 
prmml itlono in htoam, and tho third (tri- 
hyilrol or ion mohuniliw) present by itself in 
inn, and water lining it mix hum of nil throo. 
If each hind Iins its own spooifio volume (for 
tho Unit and thiitl, those of steam nnd ico 
roaptio lively), mixtures of Ihom van he imagined, 
if lhe. tnUfi'tiim Jaw he. anniimeil, whieh would 
have the aetiinl specific volumes of water at 
various tempo mturoH. Although it may he 
trim that these various types exist no eon- 
fl donee eitn ho planed in tho pm portions that 
uro onloulutoil, lxmiiKO thoro is no juslUieation 
for assuming the udclitivo law to ho true. 
Tho variation of tho spool fie boat of water 
with temperature is also explained along tho 
name lines, hut with similar uncertainty. 

§ (12) INFMTHNCIH OF I’ltlCHBUItti.—Wo llftVO 
dlscutssoil tho thermal expansion of solids and 
liquids without considering it necessary to 
flontompinto tho possible iiillutmoo of pressure. 

» I*, W. Drill gninil, Si. Anory, Oftcin. lxxvll.H3-1-385. 


For moderate pressures this course is certainty 
justifiable because of the very small com¬ 
pressibility. _ But, in reality, all solids and 
liquids diminish in volume with increase of 
pressure, and if tho diminution is not tho 
t-amc at different temperatures the coefficient 
of thermal dilatation must also chan«e. 

Consider unit volume of this substance. Any 
small change in it brought about jointly by 
obango of temperature nnd change of pressuro 
can bo written 

dV =udT-bdp, 


whero a is tho coefficient of volume expansion 
and 6 (which obviously stands for - (0 ‘V/cp) T 
is tho compressibility. Now, assuming that 
tho volumo always i-otnrns to the same value 
when T and p do so, it follows that dV must he 
a povfoct differential, and therefore 



That is, if tho compressibility increases with 
tomporaturo then it follows that tho coefficient 
of thermal expansion diminishes with increase 
in pressuro. ■ 

Tho following values for water nnd mercury 
are derived from tho investigations of P. \V. 
Bridgman in Amoriea. 2 The volumes were 
measured at a series of pressures at different 
tomporaturos. 

Water 


Prciuuro 

axlOi 







kg./clnA 

0 ”. 

20 °. 

•10°. 

C0°. 

SO°. 

0 

- 05 

-1-105 

338 

530 

r.oo 

non 

4-128 

250 

302 

629 

coo 

l.noo 

210 

300 

308 

i.0(i 

6-10 

y.noo 

310 

35(5 

•100 

-ISO 

-180 

.4,000 

3;,0 

075 

800 

434 

445 

•1,001) 

nor. 

076 

300 

420 

422 

0,000 

832 

805 

300 

409 

■104 

7,000 


408 

300 

302 

308 

10,000 



805 

3S0 

318 

12,000 



300 ’ 

378 

333 


Bet.ativg Volumes of Mercury 


(Bridgman) 


1 

-SO 0 O. 

—so° a 

-lo’ e. 

o° a. 

+10 CJ. 

+ 20’O- 

0 

000457 

0-00038 

0 00810 

1-00000 

1-00181 

1 -00342 

1,000 

00207 

0D2W) 

00553 

0-00020 

0 00700 

0-U0072 

2,000 

08780 

08027 

09094 

09201 

09-128 

00503 

3,000 


08081 

OS743 

08000 

00007 

00282 

4,000 


08246 

08403 

08601 

08710 

PS877 

6,000 



0S077 

08231 

03885 

08540 

0,000 



07703 

07014 

(18005 

08210 

7,000 




07007 

077f.ll 

07001 

8,000 





07.1111 

071103 

9,000 





07182 

07827 

10.000 





0(3015 

97059 

11,000 






00800 

12,000 






00507 


a Vroa. Am. Ami. xlvlil. 344 (water); xlvli. 43: 
(mercury). 
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Elio temperature of maximum density of 
"'fitoi’ decreases as the pressure increases. 

-HV»r p = 1000 kg./cm. 2 , the maximum 
of water is at about 0° 0. ; for p=2000 
,tj is l,clow -20° 0. 

. til. n similar way for the case of the stretch- 
of a wire or tie-rod for unit length 
dl -Xi/'.r + bdl\ 


"■"1 ioi*o l) is tbo reciprocal of Young’s modulus 
a »ncl E is the stretching force per unit cross- 
Kcsotional area, whence dX/dF—<:b/dT. The 
following values am calculated by moans of 
tliS s equation : 



(IX ( irin dyncs\ 
nor 10° —-- 1 . 



«t'\ 

om. 4 ) 


-Aluminium 

. 3x10-° 

Sled 

. .011 

I‘o| mcr 

. 0-3 

Platinum 

. . 0-0.1 

Ooltl . . 

. 0-0 

Silver . . 

. . 10 

Iron . . 

. 0-1 

Brass 

. . 0-37 


Since 10° dynos/om. 3 is approximately one 
kilogram wt./oin. 3 , 1000 kilograms wt./cm. 3 
ni. iiat increase the linear expansion of copper 
l*y *ii x 10-«, that is, it must increase it from 
•000017 to -oooom. 


IV. Expansion of Casks 
§ (13) Tiih Gas icons Laws, (i.) Charles' 
—In the o.\]iansion of liquids and solids 
whloh are only slightly compressible, the 
in fl IIonce of pressure has boon treated as of 
q.itibo socomiary importance. It is quite 
otliorwiso in tho ease of gases. Tho volume 
varies so fast with pressure as well ns with 
tivnipomtnro that unions tho pressure varia¬ 
tion is carefully spooilled the results hnvo no 
Bipriii finance. It is obviously simplest to 
oon Hitler eases in wliioh tbo pressure heaps 
entt slant and for wliioh, thoroforo, any ohangos 
of volume may bo attributed to tho influonco 
of tompomturo alone. In such a oaso it is 
fom id that it is valid to write 
v-v a {l -l -at), 

wlioro a is approximately constant (at least 
for the more ponnanciit gases), and is called 
tho eoefliciont of expansion at constant 
pressure). This 1 b known as tho law of Charles 
nr Oay-Lussao. Tho value of a is nearly 
tlio name for all the more permanent gases 

-u, fnet which has groat thoorotical import- 

a.ii<;t). It must bo pointod out that, since tho 
veil nine changes with tomporaturo muolx more 
rapidly than for liquids and solids, it is not 
poHHiblo to cm|iloy tho npproximalo ox- 
p t'OHHtoiis applicable to them. 

(ii,) Boyle's Law .—In practice it is not 
ii mi ally possible to maintain tho pressuro 
oonstimfc during an investigation, and it is 
iluooRBiiry, thoroforo, to take its ofTect into 
4xc count. 

'I'his onn bo done by investigating how tho 
voluimi ohangos with oliango in pressure whon 


the temperature keeps constant. Tho law 
obeyed in this enso was first of nil investigated 
by tho Honourable Robert Boyle 1 in 1G02. 

Taking a “ goodly tube ” of tho shape 
shown in Fig. 11, with its short limb closed 
and its long ono open to the air, ho 
poured mercury into it so as to fill tho 
lower part and thereby enclose a mnss of 
air which kept constant throughout 
tho experiment. The pressuro of this jf 
enclosed air is the barometric pressure : 
pins that due to a column of mcr- l r 

eury of height equal to tho differ- f 

onco of levels of tho mercury in 7 _ .! 

tho two limbs. If tho short limb 
is cylindrical tho volume of tho 
enclosed air is proportional to tho f io . p, 
length l which it occupies, Thus 
both tho pressure and the volume are measur¬ 
able. If inoro mercury is now poured into 
tho open limb tho height h will change ; so 
also does tho volume l. 

In this way n series of corresponding 
values of pressure and volume are obtained. 
Boy to found that whon tho temperature 
remains constant tho product of tho prossuro 
and volumo for a constant mass of gas is itself 
a constant; or, in symbols, 

pw~ constant (at const, temp,), 

This is known ns Boyle’s Law. 

(iii.) Pcrfcrt Cases .—Wo can obtain a singlo 
expression which includes both of these laws 
by writing 

pus constant (l -I- at), 

for if tho tomporaturo is constant the right 
hand is so also, and wo have Boyle’s Law ; 
while if the pressuro is constant 


v - i + a f)=constant (1 +«f), 


mid this now constant is obviously tho volumo 
(at p) when tho tomporaturo is 0° 0. This 
equation sIiowb us that if tho volume bo kopt 
constant then the pressure must bo • 


+«*)-constant (1+nf), 


and this now constant is clearly the vnluo of 
p (at the volumo u) when tho temperature t 


is zero, or 


P—Vtfi +nl)- 


Hence, under constant volumo, the pressure 
varies in the Bnmo way ns tho volumo docs 
under constant pressure. The coefficient a 
may thoroforo bo regarded ns a pressuro 
coefficient. This is only true if Boyle’s law 
and the law of Charles are both exactly followed. 
In reality they aro only approximate laws, 
and tho pressuro coefficient is found not to bo 
identical with tho volume coefficient. When it 


1 Boyle, Nova experiments- j >hysico - mechanics, tie 
vl aeris elaslieu, 
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in intended to emphasise the difference wo 
denote the pressure ooeOicient liy fi. The equa¬ 
tion win ho written in the alternative form 

where R is a constant, and is willed the 
characteristic constant of tho gas. Tho value 
of I/a is about 273. Hence if wo measure 
temperature in centigrade degrees from a zero 
which is 273 such degrees below 0° C., and 
represent it by tho symbol T, then 


and tho equation becomes 
p» = RT. 

Tho toiuporutliro so measured is known as 
absolute temporntui'e. Tho utility of this 
change is due to the fact that a, and therefore 
1/a, is practically tho samo for all the more 
permanent gases. Tho value of It is different 
for different gases; its value is jwf\\ If wo 
tako was referring to unit mass so that it is tho 
specific volume or tiro reciprocal of tho density 
at 0° 0., it is clear that at a given tomporaturo 
and prossuro It for different gases is inversely 
as tho density ; its value can lie calculated 
when tlie density of tho gas under any prossuro 
and tomporaturo is known. The stnto usually 
taken as a standard is 0° C. and 1 atmospheres 
prossuro. Tho value of it for hydrogen ex¬ 
pressed in various units is given below. 


For other gases it is inversely proportional 
to tho relative density, ix, to tho molecular 
weight compared with that of hydrogen. If 
« w is the volume of gas containing one gram- 
molecule, 1 then JWmSsRoT| 

where H„ Is a universal gas constant, 
83*14 x 10® ergs por gmm-moleuulo per dogreo 
G'., or about 1-0811 ealories per gram-nioleeulo 
per degree 0., if thermal units bo employed. 

§ (14) Kinetic Theory.—TIicho laws are 
readily accounted for by tho kinetic theory 
of matter. If a gas consists of a largo as¬ 
semblage of massive points moving at random 
in all dirootions, and impinging upon tho walls 
of the vessel from which they rebound elastic¬ 
ally, they must oxort a pressure upon the 
walls. Lot tho vessel bo ft cube of unit side. 
A single molecule of mass m moving to and 

1 Tho nrnm-molocnilo Is tho quantity of the gas which 
1ms a mass equal to tho molecular weight expressed 
In grmnH. 


fro between two opposite walls with a 
velocity u lias its velocity reversed at each 
impact, i.e. its momentum is changed by tho 
amount 2 »im. The time taken for it to travel 
from a face and back again is 2 /m, and tliorcforo 
tho number of impacts in unit time is m/ 2. 
The total change of its momentum at the 
face in unit time is therefore mu' 1 . It nil 
tim molecules in tlie unit cube (n per unit 
volume) were moving similarly in parallel 
lines tlie change por unit time would lie nmu-, 
and since the face lias unit area this would 
equal tho pressure p upon it. In reality 
tho molecules are moving in all directions; 
but their velocity V can ho resolved into 
three mutually perpendicular components, 
it, v, w, where 

V 2 — ii 2 -i-m 3 hwi 3 . 

Now, at tho surface which wo have considered 
it is only the normal component of velocity 
(say n) which is revorsed at all impact, and 
tho time botwoon two impacts is determined 
by tho samo component. So that, taking three 
faces at right angles to each other, 

p„=nnm s , p v -nviv* p s -nmw-, 

where wo only need to consider average values 
booauso it is only an average pressure that 
can he observed experimentally. 

Blit from hydrostatics wo know that for 
a very small cube the pressure is the samo 
on each of its surfaces, Hence 

JV 2 , 

whence each of tlicso press¬ 
ures is 

plit mV*. 

Tho density I> of tho gns 
(i.e. tho mass por unit 
Hoiuio 

To yield Boyle’s law V® must he constant 
at constant temperature. To yield Charles's 
law it must bo proportional to the absolute 
tomporaturo. 

§ (lfi) HXI’KUIMENTAI. DETERMINATION OK 
TJIB COMKKIOIHNT OK InOHEAHE OK PhMSSIIUK 

at Constant Volume kok a. Gas. — To 
dotormino (1, tho pressure coefficient of a 
gas, it is essential that the volumo lio kept 
practically constant during the invcHtigation. 
A simple apparatus due to J. July will 
illustrate tho method. A bulb about 10 om, 
diameter is connected to a atom bent twice 
at right angles. This, in turn, is connected 
with a long straight glass tube by means 
of a ’ (loxible tube. Tho bulb contains 
dry air (or other gas) which is enclosed by 
moans of mercury. 'Tho mercury can ho 
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brought up to ft fiducial murk A on tho 
horizontal limb by mining tho straight tube ; 
the air will then havo a definite volume. Tho 
pressure in tho bulb is given by tho baro¬ 
metric height + tho difference of levels of the 
mercury h ; he. }) = liH- It. The bulb is heated 
in a water bath, and at successive 
temperatures tho original volumo 
is restored, and tho fresh pressure 
determined. Putting p ~ji 0 ( 1 + (it), 

! any two temperatures with tho 

1 corresponding pressures enable ft 

'' to ho -calculated. In reality the 
i volumo changes slightly 

.4 A owing to tho expansion 

j) of tho glass (volumo co- 
f \ oflioiont=7), and tho 
true cooflioiont is given 

/ \ v(U-yt)^Po(i+m> 

( C Rubber J j •» 1> = Po{ l 'I' W ~ 7)0 

nearly for modoralo temperatures. 
When tho tomporaturo range is 
groat it may bo necessary to use tho inoro 
exact formula (tho last but ono). Whoa pro- 
oiso values arc sought for, attention must bo 
given to several sources of error. Tho stem 
between A and the hull), lining outside tho water 
batli, does not got healed to the sumo extent 
us tho bull). To correct for this it is necessary 
beforehand to determine the relativo value of 
tho volume v of this portion compared with 
that o[ tho bulb V, and in tho course of tho 
experiment to obsorvo its mean temperature r. 
Tho true pressuro requires tho heights of tho 
moroury columns and of tho barometer to bo 
“ corroded for tomporaturo.” Two tempera¬ 
tures ami pressures then give tho equations 

from which ft can be calculated. 

Tho following values wero obtained by 
Itogmuilt for air at various pressures: 

I’llUSHURB OoEmOIlJNT (ft) vor Am 


l'rfUBiiru lit o° C. I'rcuure nt 100 0 C. 


0'0030482 
30013 
30042 
30087 
30072 
30000 
30700 
30800- 
30804 
37091 


§ (1(>) Determination or tub Cokfkiciknt 
or Expansion at Constant Jbucssimn,—'I'lio 
methods of the determination of this coefficient 
can he illustrated in various ways. The 
apparatus consists essentially of a volumo 
thermometer, but with special provision for 
keeping tho pressure constant. Itcgnnnlt 
employed tho apparatus shown in Fig. 13. 
Tho bulb was well dried and filled with dry 
air (or other gas) at tho pressure of 
tho atmosphere. Tho adjustment 

O of pressuro was 
made by alter¬ 
ing the amount 
(( of mercury until 

it came up to 
tho level a in both limbs, while a 
side tube j) was open to tho ntmo- 
k - b splioro, tho bulb being meanwhile in 

U molting ice. This lateral tube was 
then sealed off. Lot V 0 bo the 
volumo of the bulb at 0° C., v tho 
—i volume of tho stem as far as a at 

0°, and II tho initial pressure. Tho 
Tj bull) is then placed in a steam jacket 
Pm is and raised to 100° C. Duo to tho 
rise tho pressuro changes, but it can 
bo onco more brought back to atmosphorio 
(or near it) by running mercury out through 
tho stop-cock. Lot it roach the level b. IE 
tho level is rather higher on the left the differ¬ 
ence is measured and the pressuro calculated ; 
let it ho IT. If tho stem has been previously 
calibrated tho extra volume »' of tho stem 
between ti and b can bo found. If tlio tom- 
pornturo of this part is t, wo havo 

Tr fV 0 (Ll-yl °0) . wU+TO , *'(1+301 

Jl L l+al00 i+ar' l-l«f J 

= „[V„ + M], 

wiioro r and t' aro tlio initial and final 
volumes of the portion v of tho stem, and y 
tho couffieiont of volume oxpansion of glass. 
From this equation «. is calculated; first, tlio 
email torms containing v and v' aro nogloelcd, 
mid thou tho approximate value is inserted in 
tlio small torms, which aro now taken into 
account, am! a more accurate vuliio calculated. 

Tho values obtained by Rcglinult aro givon 
bolmv; tlipy apply to tlio onso when tlio 
pressuro is ono atmosphere: 

Air.0 •903070(5 

Hydrogen ...... '0030013 

Carbon dioxide .... -0037000 

Sulphur dioxiilo .... '0030028 

Carbon monoxide. . . . '003(1088 

Nitrous oxide .... '003711)5 

Cyanogen ..... '0038707 

For tho more permanent gases nearly tho 
same valuo is obtained for ft, and it Is also 
nearly tho sumo as «, Tho simple theory of 
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gases requires (as wo havo neon) a constant, 
identical in value in the two eases. 

Another method was used by llognault. 
A bulb, capable of holding 800 to 1000 grains 
of mercury, was taken empty and connected 
through drying tidies with a pump. Whilo 
the bull) itself was immersed in a steam bath 
it was evacuated and refilled with dry air 
several times. Finally it contains dry air at 
atmospheric pressure (B) and temperature (< 0 ). 
The tip of tho stem is now sealed by being 
melted in a blowpipe ilnmo. It is taken out 
of tho bath and allowed to cool. It is then 
placed inverted with its tip dipping in a vessel 
of mercury, tho bulb itself being surrounded 
with molting ice. In this position tho tip is 
broken off with pincers and the mercury rises 
and partly fills the bulb. After standing thus 
for suflieiont time to ensuro equilibrium of 
temperature tho height of mercury inside 
above that outside (h) is read. A small metal 
cap containing soft wax iH slid over tho tip 
so as to close it, and tho bull) with its contents 
is taken and weighed («>,). It is thou com¬ 
pletely filled with morcury and weighed again 
(w a ). Let Urn weight empty bo m> 0 . Then 
tho volume occupied at 0° 0. by air that fills 
tho bulb at f n is (u> a -Wj)/(u» a -w 0 ) of tho 
volume at 106°. Allowing for tho small 
difference of pressure, wo havo 

If h is only small tho valuo of « should lie 
nearly tho same as for constant pressure. 

llognault found that whon tho morcury 
rushed in on oponing tho tip it was apt to 
carry air in with it. Ilo attributed this to the 
fact that mercury does not wot glass and a 
film of air enclosed between the inoroury and 
the glass is oarried in along the stream. In 
order to avoid this ho surrounded tho stem 
with small brass collars which amalgamated 
and made perfect oonlaot with tho mercury. 

Full details as to modern work connected 
with the expansion of gases will bo found in 
tho article “ Temperature, Realisation of tho 
Absoluto Scale of.” 

Ff.UllIH 1) Nil Kit IlldU l'ltKSSURK.H 

§ (17) ExmuMHimr, .Ukskauohhs. — 

Although fluids follow approximately tho 
“ perfect" law undor low pressures, under 
high pressures this is markedly not tho oaso; 
noithor Boylo’s nor Charles’s law is then ovon 
roughly followed. As a particular case may 
lie cited tho distinction botwoon a liquid and 
its gaseous vapour. They exist in equilibrium 
togothor undor tho samo tomporaturo and 
pressure; but tho densities of tho two parts 
(or phases) aro very different. Nothing of 
this kind is indicated by tho perfeob gus 
law. 


(i.) Nuttcrer avd Cailletet .—The first investi¬ 
gations for high pressures 'wore made by 
Nuttcror, 1 who forced successive quantities of 
liydrogon, oxygen, or nitrogen into a closed 
vessel and measured tho pressures by moans 
of a weighted valve. His object was to produco 
liquefaction by pressure alone, as Faraday 
had liquefied chlorine and Thilorier carbon 
dioxide, but ho did not succeed, although tho 
pressure was increased in tho ease of nitrogen 
to 271)0 atmospheres. He found from lOOutmo- 
sphorcs upwards tho volume became greater 
than given by Boylo’s law; that is, that at 
constant tomporaturo pv increased. Oaillctot 3 
in 1870 showed that in the case of hydrogen 
])V regularly increases (for unit mass), whilo 
for air there is iirst a doorcase, then an 
increase, with a minimum at about 80 atmo¬ 
spheres. 

(ii.) Andrews ,—In 18(10 Andrews 11 observed 
that on liquefying carbon dioxido by pressure 
and gradually raising the tomporaturo to 
88° F. (151° 0.) tho surface of demarcation 
botwoon tho liquid and gns becamo fainter, 
lost its curvature, and at last disappeared. 
Tho spaoo was then occupied by a homo¬ 
geneous fluid, which became cloudy when 
the pressure was suddenly diminished or 
tho tomporaturo 
slightly lowered. 

Above 88° F. ho ,0Q 
could got no ioo 
liquefaction. ob 
N itrous oxido 
gnve analogous oo 
result a. 11 o a5 
thou proceeded 
to ox tend his in- no 

VOHtigUtioJlH HO 75 

ns to dotennino 70 
a sot of corre¬ 
sponding values 0G 
of j>, v, T, which Q0 
ho plotted as 
isothormals on 
a p, v diagram. 

Tho gas was 
contained in a 
th i ok-wal 1 oil 
tube tho upper third of which lirnl a capillary 
boro, and was kept onolosed by morcury filling 
tho lower part, and placet! in a water reservoir. 
A similar lubo containing air was in com¬ 
munication with it. Pressure was applied by 
moans of a plungor through tho water and its 
valuo read by tho oiuuigo of volume of tho 
air, wliioh was supposed to follow Boyle's law. 
Tho C0 S tubo had been carefully calibrated 
beforehand, and from tho upper level of tho 



1 Sitzungsh. tl. li'tcu. Akml. v. vl. vll., ami Pugg. 
Ann., 181-1, Ixlh 130 : 1855, xclv. 13(1. 

J Complex llctulus, L870, Ixx. 1131. 
a Minor's Chemical Physics, 3rd edit. l). 328; Phil, 
Trans,, 1800, Part II, 575, 
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mercury tho volume of the gas was deter¬ 
mined. Tko values obtained are sketched in 
Fig. U. A small quantity of air wus mixed 
with his CO s , so that tho results require some 
modification on this account. But they con¬ 
stitute tho lirsl determinations of tho conditions 
untlor which C0 3 can ho li<|nelieil by pressure 
ftlono and of tlio deviations from tho gas 
laws. While at ‘18° 0. it behaves somewhat as 
an ideal gas, yet at 35“ 0. the isothermal 
already assumes a different character; «.t 
31° (!. it becomes horizontal at one point, 
and below this temperature tlio fluid divides 
into two purls, liquid and vapour. While 
liquid and vapour coexist at a givon tempera¬ 
ture, tlio pressure keeps constant (at tho 
“ saturation " pressure) whatever tlio rolativo 
proportions of tho liquid and vapour. At a 
certain volume, i.* 3 , tho fluid is all gas, while 
at a cortuin smaller volume, v„ it is nil liquid, 
Further compression of tho liquid requires 
greatly increasing pressure, i.c. tho liquid is 
nearly Incompressible. A dotted curve (tho 
“ border ” curve) can ho drawn conn noting all 
tlio points w, for tlio liquid, and another 
for tho points v 2 for tho gas. Thcso dolled 
onrves moot at about 31° ('., whoro tho iso- 
thormal hceomes horizontal, so that the border 
ourvo is domo-shaped. Tim summit is called 
tho critical point Imeanso nliovo It the hetero¬ 
geneous region cannot exist, Tlmao arc tho 
main features of tho results obtained. It, is 
customary to regard ns gas any statu of llm 
fluid abovo tho critical toinpomluro, and ns 
liquid any stiito below the critical toinporatiuo, 
which is" also on tho less compressible sido. 
Tlioro is, hmvovor, no discontinuity, no way 
of delecting the passage from gas to liquid so 
defined, oxeopb when the path of trans¬ 
formation passes through Urn hotorogoneoim 
region, and llm fluid thou splits into two 
parts which have different properties mid 
can therefore bo distinguished ono from tlio 
other. 

These properties uro not peculiar to carbon 
dioxide; they uro possessed by ail fluids, 
But the values of p, v, and T at tlio orilieal 
point arc different for different fluids. 

(iii.) Amigul .—In 1873 Amagnt began a 
series iif elaborate investigations in tlio Iiigh- 
prcssiiro region. His apparatus was installed 
at tho bottom of a abaft 327 inotrcs deep. 
It comprised a glycorino pump which could 
force mormiry up a tuiio extending up tho 
shaft ami at tho same tiino into an air mn-no- 
melov mado of stool, Tho working tubo was 
of glass 1 mm. internal dianiotor and 1 cm. 
external. It was surrounded by a jacket 
of glass through wliloli water was circulated, 
and this in turn was surrounded by a coppor 
jaolcot (for safety) wliioii had narrow vindows 
ox tending down opposite generating lines. 
Thormoiiioloiu woro placed ovory 30 motros. 


With such apparatus measurements wore 
made up to 430 atmospheres on nitrogen. 

In 1803 investigations wore oxtended in 
some cases to 3000 atmospheres. For these 
it was necessary to enclose tho working tubo 
in a metallic ono and to produce tlio anino 
pressure outside as inside tlio glass tubo so 
ns to prevent the latter from bursting. It 
becanio necessary to road tho height of tho 
moronry by an indirect method, either using 
olectrie contacts (devised by Tail) or tho 
method of “ regards ” devised by Amagnt 
himself. Ho applied tho method of electric 
contacts to oxygon, hydrogen, nitrogen, and 
air up to 3000 atmospheres at temperatures of 
0°, 15°, and <Hi° 0., and that of “ regards ” to 
oxygen, hydrogen, nitrogen, and nir from I to 
1000 atmospheres {by steps of r>0 atmospheres) 
at tonipoiatures of 0°, 1.5°, 100°, and 200° C. 
Carbon dioxide mid clliylcno were examined, 
at closer intervals, up to 1000 atmospheres 
every 10“ from 0° to 100°, thou at 137° C. 
and (in tho onsu of CO a ) ovon 258° 0. A 
groat number of observations besides wore 
mado on CO, in tlio neighbourhood of tlio 
minimum value of pv. Tho general character 
of tlio results is exhibited in Fig. .15 for 
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hydrogon mul Fig, 10 for carbon dinxido 
In these (lingrams tlio valuo of pv is plotted 
ngainst p. Tho ohiof point of clislinolion in tliat 
tho ourvo for hydrogon ascends from tlio start, 
whoroas for , 
carbon dloxido p ' 
it first de¬ 
scends, reaches 
a minimum, 
and thou ns- 
conds. Hydro¬ 
gon onino to bo 
known tbonco 
ns a “ plupor- 
focb” gas, CO a 
boing called an 
“ imporfcct ” gas. A porfeet gas would of 
course luivo givon u horizontal Bimight lino 
at ouch toniporaturo. At tlio minimum point 
tho real curves are horizon till, and it will ho 
observed that ultimately, as the tompomturo 
rises, tho minimum approaches p — 0. At 

higher tomporaturos COj might bo expected to 
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Relative Volumes (Amaoat) (Volume at 0° C. and 1 Atm. ~ 1,000,000) 


Atm. 

Uxyiicn. 

Air. 

Nitrogen, 

Hydrogen. 

0 °. 

. 

Wl’-fi. 

tuy’-o 

0°. 


aW-A 

0°. 

S3“-5. 

lS!l°-6. 

0°. . 

5‘J 3 -3. 

SC0°-6. 

. HK) 

oiHi/i 



0730 






.. 



200 

‘1570 

7000 

1)095 

5050 




7445 

0532 

5000 

7507 

9420 

not) 

3208 

•1843 

(!28:i 

3058 


6022 

3780 

5301 

0715 

4030 

5286 

0520 

'loo 

2(1-21) 

:)8:io 

4000 

30315 

4170 


3142 

4205 

5331 

3207 

4147 

5075 

noo 

21112 

3244 

4100 

2G80- 

3505 

1422 

2780 

3055 

4515 

2713 

3402 

4210 

<i(M> 

2115 

2807 

3570 

2450 

UE3 

3883 

2543 

3258 

3073 

2387 

3000 

3027 

700 

107!) 

2(510 

3202 

2288 

2001 

3502 

2374 

2080 

3580 

2149 

2680 

3212 

HOI) 

1871) 

2417 

2020 

2108 

2000 


2240 

2775 

3300 

1972 

2444 

2000 

1)00 

1800 

2208 

2718 

2070 

2544 

■MU 

2149 

2010 

3085 

1832 

2244 

2057 

1000 

17:i5 

2151 

* 

1002 

2415 

2828 

2068 



1720 

2003 



Values of ;tu fok Am (WlTKOWSKl) 


*1 warn* 


Temiiumt uies ItontlKrftilc. 

Atm. 

•Hint. 

•HU. 

u. 


-7S0. 

-KB-B. 

- 1 : 10 . 

-135. 

—140. 

-115. 

1 

1 4107 

1-0587 

1 -0000 

0-8710 

0-7119 

0-0202 

0-5229 

0-5040 

0-4802 

0-4070 

10 

141(178 

550 

0-0051 








15 

085 

021 ) 
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0-1096 

0-3780 

20 

091 

509 

807 


0-0778 

0-5097 

0-4410 


3808 

447 

25 

(108 

488 

800 


080 

550 

183 


470 

015 

30 

701 

408 

842 


500 

417 

0-3930 

0-3502 

003 

2444* 

35 

713 

441) 

81(1 


510 

270 

050 

115 

2410 


.40 

725 

433 

703 

, 

423 

125 

329 

0-2608 

1128 


45 

738 

410 

772 


335 

0-1080 

0-2903 

1942 



50 

754 

408 

754 

0-8288 

252 

830 

544 

1005 



55 

77U 

300 

738 

253 

170 

701 

171 

1553 



110 

784 

300 

723 

2111 

080 

507 

013 

1550 



115 

802 

384 

710 

187 

Oil 

430 

0-1985 

1570 


• • 

70 

821 

381 

701 

158 

0-5037 

318 

1)81) 


• « 

• • 

75 

842 

370 

004 

132 

803 

2011 

0-2013 


• • 

• » 

HO 

800 

370 

088 

105 

7 U0 

103 

043 


• » 


85 

887 

380 

084 

081 

734 

014 


, . 



111 ) 

003 

382 

(181 

058 

080 

0-3948 

, , 



1 ■ 

1)5 

1)20 

380 

(180 

038 

034 

1)03 

. , 

, , 


• • 

100 

MSI 

300 

081 

023 

000 

881 

, , 



* » 

105 

077 

307 

085 

013 

508 

874 



• « 

• • 

HO 

1-4004 

•100 

090 

000 

544 

877 

, . 

, , 

♦ • 

» • 

115 

:w 

418 

099 

004 

530 

892 

, , 

, , 

» • 

• • 

120 

1)5 

432 

710 

000 

520 

914 

, , 



* • 

125 


448 

722 

0-8012 

520 

944 

. . 

. , 

• * 

• • 

J30 

• • 

1-0407 

0-0738 


0-5528 

081 

•• 

•• 

• • 

• • 


* (Jorrcspoiuls to 20 atm. 


Values ott jw von Uymuoobn (Witkowhki) (Value At 0° O, and 1 Attn. — 1) 


rwnniro Im 

Atm. 

•I ion" cr. 


—<7°. 

-104°. 

-147°. 

-1H3°. 

—100°. 

-205°. 

- 2 m 0 0. 

1 

1 •30111 

1-0001) 

0-7180 

0-0180 

0-1011 

0-3283 


0-2470 


r. 

(188 

024 

201 

208 

022 

28-1 

020 

452 

WEM 

10 

' 721 

055 

228 

232 

(535 

284: 

015 

427 

145 

in 

765 

080 

255 

255 

048 

279 

004 

401 

100 

20 

789 

118 

282 

279 

(101 

272 


373 

005 

25 

823 

150 

300 

303 

074 

270 

84 

345 

029 

30 

858 

181 

330 

327 

089 

270 

77 

321 

0-1007 

35 

802 

213 

304 

352 

705 

270 

73 

301 

08 

40 

027 

. 245 

301 

370 

721 

270 


288 

40 

-15 

901 

277 

418 

402 

739 

273 

70 

280 

33 

60 

01)0 

300 

445 

427 

758 

278 

72 

275 

28 

55 

1-1030 

3-11 

473 

452 

770 

280 

77 

273 

20 

on 

1 -1004 

14)373 

0-7501, 

0-0478 

0-1801 

290 


0-2275 
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i it 


which tlio three roots coalesce into one; 

111 this ease 


, ltT„ 
3y 0 = b + — 

Pc 

3»« 2 =—, . 

Pc 

, III) 
J' 0 3 =— , . 
Pc 


- (i.) 

• (ii.) 

• (iii-) 


'vlioro tho oritical values uro distinguished 
’ tlio Hiillix c, Wlion.ee from (iii.) and (ii.) 


i’o — 3b ; 

'vlltmoo (ii.) gives 

a a 

p °~3vy : m*' 

ttiid thou (i.) gives 

... _ 8 a 

r .l.’ho ooincidenoo of tho threo values of v is 
*'i L uivalont to making <!p/?,v = 0 ami d a pl?)v' > = 0; 
i'litmo conditions can still bo applied for 
*’< | tuitions of state for which tho ahovo method 
<ut.■ mot lie used. Tho isothonnals luivo tho 
mi mu general ohametoristies as thoso in 
j\.tnli:«wn’ diagram for carbon dioxide. Ono 
vvity of showing that considerable numerical 
Uinrepaney exists, howovor, is to onloulato tho 
03 c j n-oHslnn RT ( .//w, ami compare with tlio 
«»>c| tori mental values. The expressions for 
tlu) oritical values give tho valuo 2-0(» for this 
Fiutotion, whereas the experimental values 
|j?ivo usually about 3-7 or still greater. Tho 
following table is abridged from ono collated 
J *y H. Young, who takes tho mean valuo for a 
lnrg'o numbor of substancea as 3-76 s 


Hulwtanco. ’ 


lionxnno . 

Wo 

. 3-750 

'(Hopontanu . 

. 3-732 

Carbon lolraolilorlde 

. 3-«74 

Nfclier 

. 3-811 

Klhyl lumtato . 

. 3-044 

Aouliu wild . . 

. 4-08(1 

Ktliyl alcohol . 

. 4-024 

Methyl alooliol 

. 4-540 


‘Kmncrlingh • Onnos, 1 howovor, finds tho 
vitluo 3-124 for argon, 3-119 for oxygen, and 
Cut* nitrogen 3-121. Patterson, C'ripps and 
< J rivy 3 find tho value 3*005 for xenon. Thcso 
vrtiiH's make it impossible to connect the 
rtt.rimieity and tho mugnitudo of tho ratio; 
bln nigh tho largo values aro for tho moro 
oo in plicated molomilos. A further discrepancy 
In in the value of tlio critical volume. If b 
|to taken as the least volume into which unit 
jtuiMH can ho compressed by an indefinitely 
Ijirgjo increaso of pressure, van dor Wnals 
mtvkoH it ono-third of tlio oritical volume. 


Hiinw. Ph>/s. Lab. Leiden. No. 145. 
Hail, Soo. Proo, A., 1012, Ixxxvl. 570. 


Now tlie least volume cannot differ much 
from tho volume of the liquid under ordinary 
conditions (especially when the ordinary state 
is far below tlio critical), hut will be slightly 
less; yet the experimentally determined 
oritical volume is, by experiment, about four 
times the liquid volume. Again, Clausius 
showed tlmt the “ constant ” a is renlly a 
function of tho absolute tom porn turo; lie 
wrote «/T instead of a. Others have sub¬ 
stituted «c~ aT instead of a. In either of these 
ways a hotter fit with experiment is obtained. 

§(19)' Law of Corresronijino States.— 
If van dor Wnals’ equation is taken, it is 
convenient to measure p, v, and T, not in 
absolute measure, but as fractions of tlio 
corresponding critical data for the particular 
substance under consideration ; i.c. to write 
p=ap c , v=fiv e , T=y’L\. Inserting these 
values and cancelling common factors, tho 
equation becomes 

(« + ^){3/S-l)=8 7 , 

which contains no constants peculiar to the 
particular substance. Tho values a, /3, y aro 
called “ reduced valuos ” ; tho equation is 
known us tho “ reduced equation of stato.” 
.So far as it is true it implies that all substances 
should behave alike for the sumo values of 
a, ft, y. This is the law of corresponding 
slates—a law which is at least approximately 
true. Tho validity of this law is not peculiar 
to vim dor Wauls’ equation, however; it 
can bo shown that it must also ho true if the 
equation of stato only contains throe constants 
(such as a, b, It), and at tho samo time indicates 
a oritical state j for the throe ounstants can be 
eliminated by means of tlio values for tho 
three oritical data. For example, if a is 
replaced by o/T", where n is any powor, tho 
roducod equation is 

(*+y|i)W-l) = 87. 

Clausius took ?i = 1 (Clausius I.). 

Another tost of tlio equation is to find tho 
valuo of ((la/fly)^ at tho oritical point, i.e. 
tho pressure coollioiont at constant volumo. 
Taking tlio Inst moro gonoral equation, tlio 
valuo of tho pressure coefficient is found to bo 

(la_ 8 3u 

S 7 3/3-1 yll + 1/3 s * 

or at tho oritioal point («=/3= 7 = l) 



Now, experimental results givo a value 7 or 
fchoreabouts ; so that n is near unity ns Clausius 
supposed. 

A still further test is to oxamino tho slope 
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on an Amagftt diagram (pv against p or the 
corresponding reduced diagram, aft against a), 
Multiplying tho equation by ft wo got 


«/» = 


Syft 

\ift~l 


3 

w 


Now 
w lion no 


r)(«fl)_f)(«/j) dft 
fa ~ f.ft ' Da’ 


d(aft)_ ( 

See “ V 


«y 




<3/i—i) a rft* 


< 


(Bp-iyVpv 


Considering specially the region of very low 
pressures for which ft is very largo, this is 
appro si mutely 

Haft) S-(21tf Hl ) 

0a " M 


The isothermal should thoroforo start out 
horizontally (« —0} whan y” 1 1 =27/8. Now it 
is found that for nitrogen thin liorizontahty 
oooui’H when y = 2d>0, which would require 
n to ho 0-21). Moreover, for liolhnn it occurs 
at ordinary tom pom lures, i.e. for y=f>0 or 
thoreuboulH, which would require n— - -7. 

These results indicate that tlio properties 
of gases arc more complicated than implied 
hy van dor Wanin' equation or simplo modi- 
tlontimiH thoroof. Bortliolot 1ms made iiao of 
tlio following modification for Into pressures 
only t 

/ Id \ fa 32 

y + aw”) (f,_l) “ 6' T - 

It clearly does not lit at tlio oritionl point. 

§ (20)' THU (;iUKKHAO EQUATION OK .STATU.— 
Tlio imperfections of van dor Wauls’ oquation 
have toil to imnunnrnhlo other attempts. 

(i.) Dide.riri .—Diotorioi Inis (UhcuhsocI the 
more general equation 

(jh“.)(»-4)-=iwV 

and finds that v 0 ---Ab (iih required) if h- -fi/3 
(Diotorioi I.). 

One objection to this equation is that dfpv)/fji 
cannot bo zero at />=« unless T is in finite. 

(ii.) CHnmiita .—('Inuiriua 1ms examined in 
detail tho equation 

(Clausius II.) 

This eontuiilH n fourth constant c, so that 
it is capable of ropresenting deviations from 
the Jaw of on rrospi Hiding states. 

(iii.) fhtlltm. —J. P. Dalton writes tlio ro- 
’ *-otl oquation 

<,T. 1?. Dalton) 


and calculates very satisfactory values for 
vapour pressures from it, although it suffers 
from many of the defects of tho original 
equation. 

(iv.) Dietcrici's Second Method, —Diotorioi 
approached tho question also hy a different 
mothod. Regarding tho surface film of a 
fluid ns being a layer of transition in which 
tho pressure changes tjrudmlly from the 
external pressure to that inside, and assuming 
that tho density in this layer follows tho law of 
porfect gases, lie finds tho oquation 
A 


(Diotorioi II.) 


(<! = I)iibo of natural logarithms), which in tlio 
reduced form becomes 



& 


This can ho made more general hy taking 
T“ instead of T in tho index of e. Tho value 
of RT c /p c u 0 at tho critical point becomes 
e a /2 = 3-(M), which is a groat improvement on 
van tier Winds’. But «„ - 2b, which is hopolossly 
wrong. Diotorioi then takes Ii us being a 
function of tho volume instead of a constant; 
atu! is thereby able to got a closer corro- 
spoudonoo with facts ; but this is effected 
only by making tho equation too complicated 
to ho convenient. With constant b it fits 
vory much hotter than van dor Waals’ 
equation in tho region of low pressures, but 
is hopeless for high pressures — a fact that 
is illustrated by tho accompanying table of 
values for the critical isotherm for isopentane. 


Cam UAT. Ism’liKUM OK ISOl'IlKTANB 


T 0 =4(10-8 ub.H. v«"*4-2UU om, a . 


n in cm.*. 

V (calculated) 
nun. Mercury 
(Diotorioi). 

_ • 

V (observed), 
mm. Mercury. 

24 

42,730 

40,080 

2-5 

35,810 

40,500 

2 -« 

32,01)0 

3-1,1)80 

2-8 

28,31)0 

28,1)10 ' 

3-0 

20,780 

20,400 

4-0 

25,320 

25,020 

K-0 

25,240 

24,040 

0-0 

24,880 

24,840 

8-0 

23,400 

23,710 

10-0 

21,500 

22 ,0-10 

20'0 

14,500 

14,8-10 

40'0 

8,508 

8,570 

(10-0 

5,078 

0,001 

80-0 

4,004 

4,014 

110-0 

4,127 

4,132 

100-0 

3,740 

3,750 


If the power of T in tho index is taken na 
3/2 good correspondence is obtained in tho 
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of moderate pressures for gases ns 
1,1 Verso ns nitrogen, isopontnne, and hydro- 
c Hlox>i c acid. 


v should oceur to the first power in 
denominator of tho index was not 
^Jjsiolutely determined hy the theory. By 
ei Ooulating, from Young’s experimental data 
iso pen tn no, tlio nmnoricnl values of 
-I'/p . (J)p/fjT) -1,1 find that it is approximately 
,5u pumlinlio function of 1/w. Dioterioi’s equa¬ 
tion requires tho value wA/(ltT n i»). 

§ (21) Comparison oi'' Rnsui/rs.—A sum- 
**lary of the results of tho tests above given 
for various equations of stuto is exhibited in 
accompanying tablo: 


far better correspondence with experiments 
than van dor Wards’. The value of n taken 



x„ Wlrojf 
□ Cnrftcn 

■Dim Ida 


SoieTfcT 





; x ri 

_- * 

5 


~o 0 ° ° 

R/ducad Pmsura 


i a a 4 

0 7 0 0 1 

ID 


Fid. IS. 

in tho calculation is 3/2 ; hotter ugreomont 
still is obtained if « = 1§. Tho test made in 


Author. 

RT 

iVi'c 

1 


v for 
rf(afl) „ , 

V-b 

PcVc 

M 

\]> dl/cr\l. 

~-Oat 2 J=.0. 

Villi dor Winds . . 

v‘ 

2-07 

35 

4 

3-375 

OhiimiiiH I. . . . 

, n 

2'07 

35 

7 

1-837 

XKotorioi I. ... 

<1 

r+~k 






(A = 5/3) 

3-75 

■15 

C 

Infinity 

„ (nuidUlcil) 


3-75 

45 

7 

Infinity 

■ 1 - J.\ Dalton . . . 

(page 802) 

2-07 

35 

7 

L-09 

iOiotorioi II. . . . 

A 

pa*" 

2'00 

! />. 

25 

3 

4 

„ (mollified) 

peaP’v 

2-09 1 

25 

l-|-2» 

(*)" 

II »«4. 

ft 

ft 

ft 

4 

2-52 

OI Hindus II, . . . 

P 1 T(«+o) fl 






0=5/2 

3'00 

45 

7 

2-25 

J&xporimontal . . 


3'G upwards 

45 

7 

fNitrogen 2-68 
(Helium 50 


§ {22) Tun JouiiK-Thomson Effect. —An 
iul ditional method of tosting a gas equation 
i» provided t'.y i' 10 thormodynamio equation 
for the Joulo-Thomson olTcct. 1 This offcot 
will bo discussed in detail in tho article on 
"• '.fliormodynumioH.” Tho inversion points 
fni- this oiloot can bo calculated from any 
ex perimental data for p, v, T, and can then 
J.»o comparoil with tho tlioorolioal positions 
(for whloli T{dvj?f£) p -v is zero). Curves aro 
von 18) of roducod tomporatures 

plotted against roduood prossurcH for invorsion 
points, while tho points determined from 
ox fieri mental data aro shown as small circles 
(for CO,) and crosses (for nitrogen). It will 
Tic* scon that Piotorioi’s equation II. gives 
* *Juo Porter, Phil. May ., IDQO, xi, 551; JOtO.xlx, 888. 


this way involves a largo range of pressure 
and of tomporaluro It is not confined to one 
small rogion, ns in many of tho othor testa 
that wo have dosoribod. 

§ (23) Cali,kndar’s Equation. Steam.— 
Besides tho equations already given, which 
attempt to represent tho behaviour of fluids 
ovor long ranges, equations have also boon 
developed which aro of more limited applic¬ 
ability. Most important of tlieso is tho 
equation of Cailcndar, which is 


where c is taken ns varying according to tho 
invorso » l1 ' powov of the absolute temperature, 
i.e, c=c 0 T 0 ,l /T n . The equation, it is claimed, 
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holds good for moderate pressures ; for higher 
pressures if; is Jiooossary to regard c, as being 
also a f 11 notion of the pressure. The equation 
has linon applied by him partienlarly to the 
ease of steam ; mid since, from its simplicity, 
Idle various properties of steam can be co¬ 
ordinated by numngcablo expressions when use 
is nmdo of the thermodynamic equations 
which connect tiioso properties, it is rapidly 
coining into gniioml use. The general nature 
of CalUindiir's oqiintion can ho best descrihed 
by pointing out tlmt tho iaothonnala on a 
p, v diagram given by it will bo rectangular 
hyperbolas as for a perfect gas, hut shifted 
sideways by amounts, c-b, depending upon 
the temperatures. Tt makes no attempt to 
represent tho critical data, nor docs its 
applicability extend to the liquid stato at all ; 
for that reason it would ho hotter dcsorihod 
as applying to moderate densities rathor than 
to moderate pressures. For steam tho valuo 
of «, between 100“ and 1.10° C„ is about 10/3. 
At 100° C. tho value of r, is 10 cm. 3 , and since 
it inoronses with fall in temporatnro it is 
always, through the range in which tho equation 
is used, greater than b, which is taken ns 1 oin. 3 . 
Tho existence of c. is taken to imply eoaggrega- 
tion of single molecules into clou bio and troblo 
inolociih'H; hub it may equally well represent 
tho effect of the attractions botwoon molo- 
cuIoh which may bo regarded as a potential 
non gg rogation, It is safer so to intorprot it ; 
for whatever may happen in the caso of steam 
there is no evidence that molcoular nssooia- 
tion takes place when a sulisbaneo like iBo- 
pontann liquefies; yet a town liko c is 
necessary in this oshc also. 

Its relation to van dor Wauls’ expression 
is shown by flint, neglecting tho product of 
Hinnll quantities in tho latter, whonco 

p(»-b),“ = RT, 


or 


v 


UT 

V 


a 

I>i> 


If, next, pii in the small term is replaced 
by tin approximate equivalent RT and a is 
taken ns a function of temperature alone, 
<!«I3<'iidiir’s equation is obtained. 

5 ( 21 ) jVIimions op hxi'iikshinu Husm/rs,—- 

.. "mm Hoyle’s and Oharlca’ Laws 

'iproHonted by a diagram of pv 
iwnorlingli-Onnes has also made 
dust density diagram. Anothor 
way, for sumo purpnacs, is 
...at tompornturo tho disoropaney 
T 0 , whoro v is tho actual 8]>eoific 
void mo at f ern pomtlire T, »„ the Hpeoiflo volumo 
nt any Htnndard tomperatiiro T„; each eurvo 
nhlnhuul lining a constant pressure lino. As 
examples, tho curves for hydrogen nt 00 and 30 
atmospheres respectively nro drawn in Fig. 10. 


Those curves ropresont Witkowski’s determina¬ 
tions, which were obtained with the most 
scrupulous care. Throughout the wholo range 
of his observations these curves can bo fitted 
with hyperbolas with ono asymptote nearly 



Flu. 10. 


vertical. It should bo noted that if the 
product term ab in van dor Winds’ equation ia 
noglcctcd ono obtains 



i.e. a hyperbola with a vertical asymptote. 

Ono uso to which such a diagram can he 
put is to an examination of specific boats, 
(Soo articlo “ Thermodynamics.”) It is 
shown thorniodyunmioully that 

30 p „/)*» 

(tj) ~ iiT 9 ’ 

whoro C p is tho spoeilio boat at constant 
pressure p, v is tho spoeilio volumo. An 
examination of tho discropanoy A shows 
that tho right-hand side can also ho written 



-T(f) a A/i7T 9 ); whonco it follows that when tho 
oonstant pressure lino is ennvox upwards tho 
value of C p inoronses witli prossuro, and it 
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‘ i tn inifihca when the curve in concave upwards. 

1 *1 <;o the discrepancy is equal to b — i.e. the least 
^°Luuo of tho liquid—when T is zero, curves 
as those shown foY hydrogen must turn 
-Hi ole somowhoro hot ween tlio lowest tempora- 
l ' l, ro fthown and ahsoluto zero so n3 to cross 
,lv er to tho positive side ; this can only take 
by the eurvaturo reversing in sign— 

1 curves becoming concave upward’s at low 
iiiporatures. In this latter region tho valuo ! 
P’f must diminish with increase in pressure. ' 

* ^ i - t iC! 1 -opan 0 y curves arc also shown ( Figs. 20, 

1 ) for nitrogen and carhon-dioxido based 
rvix Amagat’s investigations. 1 

r -Tho curves for CJ0 0 arc concavo upwards in 



Llio region shown ; in this region 0„ diminishes 
witlt increaso in pressure. 

§ (25) Tun Quantum Theory.—I n recent 
years initial attempts havo hcon mado to 
liiLroduco tho consequences of tho quantum 
1>U«ory; that is, tho theory that in tho intor- 
aluvngcs of energy that take plaeo botweon 
atiolouulcH certain integral relations arc always 
X>i'«j«orved betwcon the amounts transferred. 
There is no doubt that if this theory is true 
m< i<Tilications will lie required oven in tho 
orjpiiation for a “ porfnob ” gas; for tho ordi- 
imry theory allows energy to bo transforred in 
any proportion whatever, while according to 
tl in quantum theory it may not ho transferred 
hooauHO (for example) it is smaller than tho 
unitary amount (tho quantum) which is tmns- 
fornblo. This unitary amount is proportional 
to the frotpienoy of the atom, say hv, whoro 
h its a universal constant. 3 If wo writo 
{■} =■= (7iN/R), whoro N is tho number of atoms 
por gram atom, and It is the ordinary gas 


1 Porter, Phil. Mag., 1010, xlx. 800. 

9 Soc article “ Quantum Theory,” Vol. IV. 


constant, then Nernst lias shown that tho 
gas equation becomes 



P* ,_ (fo ) 2 

]. 2T h 1.2.8. T 2 


etc 


■) 


= RT. 


For hydrogen gas /5v — O 0 -1417, where V is tho 
normal molecular volume. 3 

Again, Planck has started from considera¬ 
tions of entropy and energy, tho entropy being 
defined as Q—h log \Y-i- const., W being tho 
probability of liny one state of a given mon¬ 
atomic gas, and h is the gas constant per atom. 
Ho deduces finally tho equation 



where c is theoretically equal to eight times 
tlio volume of an atom regarded ns spherical, 
t.e. 26 ns calculated by van der Wnala. This 
equation could only ho applicable throughout 
a limited rango beenuso tlio least volume is 
clearly c itself ; so that it is really c which 
takes tho plaeo of 6 in van der Waals’ equation, 
but tho value calculated for it from theory 
is greater than van dev Waal's value. This 
equation yields critical values 


»o = 2c, HT,=g;, ?>« = - 5 (log. 2-*); 


■2c 3 ' 


™ # =2 0 nearly. 

Pcl'c 

The value of T/p, Pp/oT at tho critical point 
is 3-fl. ’.l!he probability is that a should ho 
taken as varying inversely ns tho temperature, 
anil then thin number becomes 0, which is 
much closer to tho experimental value. But 
it fails also at low pressures to give jtv constant 
at any tomporuturo. 

§ (20) b’mmir.K Theoretical Develop- 
menm.—W o havo quoted somo of tho ohiof 
equations of stnto that havo been proposed. 
Tlio following may also ho solcotcd for mention 
out of tho very largo numbers that havo been 
proposed: 

IIirnT,: (p +!»)(«—6)=m\ 

(This was given in 180G.) 

Him II. and G. Schmidt: 

2 w= BT—Or". 
Kamoiiingli-Onnos: 

(p+ 5 )^(;)“ B,T » 

where 'pi.bjv) is a scries of powers of bjv. 
Amagat: 

2 )(v-a) =^(u)[T 
Tftit: 

p(u-6)=RT-^-+--J-. 

5 Other equations are proposed by W. II. ICeeaom. 
Comm, l'hys. Lab, Leiden Supplement A0. 
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y i 11,1(1 v * »w> Loth on tbo van dor Wank 




_ ItT 
v 1 -b 
ET 

7 T —-j - 

Vo-0 


\ ' v ° llft(1 employed tho reduced equation the 
on equations would have keen 

loe Sft^I +3 (&~J;) -Xft-W=0. ■ 

8y_^ 

ft* 

87 3 

T 3/q-i /v 1 

d‘ 0 i-c tho symbol tt is retained for the reduced 
<*P c >ur pressure. From the lust two equations 
'0 ©un oliininato oitlior 7 or 7 r, giving 

» = a&Mi+& =(3+4i+4a ) iiii , 

7 ‘ /W 

-(ft -hA^S-A^S-A,), 

Jmvo A,-(l//fj), A„ = (l/j9 e ) are the reduced 
ijtlHlliCH. 

•’’i-om theso, together with the first equation, 
i.* /ftn tt can all ho expressed in terms of 7 
J‘° reduced temperature). Tim elimination 
: tlm variahlos is a soniowhnt cumbrous 
i’(H5(>.hh ; a method for effecting it has been 
vo»» by Max J'lanok , 1 who applied it to 
|nu nius’ equation I. .1, P. Dalton lias applied 
similar method of reduction , 3 star ting from 
h own equation 

(a+| 1 c 1 -v)( 3 / J -l>= 87 , 

I dull gives most excellent results, If wo 

rito 00 1 

3ft -1 -rer*, 

3ft -I =re*, 

lmr« r and a nro auxiliary variables, and 
Maxwell's thourom, wo find 

2 c-- _ H ‘>di 2 * — 2 * 
x cosh x - sink x' 

SSUu'ting from arbitrary values of x the 
'lu oh of r are enloulated ; thonco llio corro- 
tHiding values of ft and fa ; tho remaining 
0001 lure is straightforward but cumbrous, 
■suits calculated from van- dor Wauls’ 
nation and from Dalton's - nro given in 
V. 23, and compared with experimental 
ItioH for isopontano (n non-nssociated auh- 
Mieo) and metliylalcoluil (associated). If 
Li hvw of eoiTospending states wore rigorously 
oyotl these oxporiinontal eurves would bo 
• holdout; ns long ns such differences as 

' j Vied. 'Ann,, 1«81, Kill. 535. 

' Dnlton, Turns. II. Sob. of S. Africa, 1011, lv, 

"i 128. 

YOri, T 


theso occur it is obviously impossible to re¬ 
present the thermal behaviour of different 
substances by 
a single equa¬ 
tion, and all 
limb one can 
do Is to con¬ 
struct a n 
equation for a 
fictitious sub- 
stftneo to servo 
aa a type from 
which particu¬ 
lar substances 
deviate more 
or less accord¬ 
ing to their 
molceulHrcom- 
ploxity. 

It will ho 
soon that Dal¬ 
ton’s equation 
gives pracli- 
cnlly tho ennio slopo near tho critical point 
ns both oxporiinontnl curves, Van dor Winds 
put forward an empirical equation 



04 d -5 O'O 0-7 a a 00 10 
ft e tin ceil Temperature 

F 10 . 23 . 


logi„7r=/(l-i) 


conucoting saturation prcsHiirc and tomporntmo 
for reduced vapour pressures, whoro J is 2-f»7 
for COj and 2-9fi for isopenfcnne. Dalton’s 
equation gives 3-04 down to a reduced tom- 
pomturo 0H:i, after which it gradually in- 
oreascs. When natural logarithms aro used 
Bnllon’s factor is 3-04 x 2-303-74)0. 

$ (28) Law ok Rkctiunkar DrAMiiTuns.— 
If the densities of vapour aH - r 
the border ourvo aro both 1 
tcmpomtnro the two on 
critical point, thus joint! 
roughly pamholio in shop 
on tho flame diagram, whom. 



arithmetic! mean of theso densities, is nearly 
a straight lino also passing through the 
critical point. This faot, discovered by 
Mathias, is known ns tho law of rectilinear 
diamotors. It leads to ono of tho most 
accurate methods of determining tho oritical 
volume wliioh is tho least easily measured of 
all tho critical data, owing to the rapid oh an go 
of volume at that point with change in pressure, 

3 M 
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For if the densities Imvo boon determined at 
temperatures not too remote from tho critical 
point the diameter can ho drawn and extra¬ 
polated to the critical temperature. 

To determine these densities a tube, such 
as Andrews’, is used and filled with the gas ; 
the mass of the gas becomes known from an 
observation of its pressure, volume, and 
temperature. This gas is then compressed 
fill condensation begins; tho volume is then 
noted, and from this the density of tho 
saturated gas is calculated. Tho mercury is 
then caused to rise in tho tulm till tho whole 
gas is liquefied ; again, tho observation of tho 
new volume enables the density of tho liquid 
to bo calculated. To determine the critical 
temperature and pressure tho temperature is 
adjusted until the meniscus separating tho 
liquid and gas disappears or reappears duo 
to a minute change. Tho temperature and 
pressure can then ho read off. If tho sub¬ 
stance attacks glass, and thereby makes tho 


observation of the meniscus impossible, a 
steel tube is taken (platinised inside, if 
necessary, to prevent attack of the vapour 
on tho steel), and observations of pressure 
and temperature me taken until the critical 
temperature has boon passed. Tim experi¬ 
ment is then repeated with a different quantity 
of unbalance, present. Tho pressure-tempera¬ 
ture curve will ho tho smno ns before (viz. 
tho saturation pressure curve) until the critical 
temporatnro is readied ; after this point the 
pressure will change differently from tho pre¬ 
vious case. Tho point of separation of the 
two curves gives tho critical values, 

§ (29) Kxi-kuimentaj. I&hsui.th. — Values 
are given in (he subjoined table. Tho critical 
vnlumo is only given when it was experi¬ 
mentally determined. The unit of volume is 
the volume of the gas under one atmosphere 
pressure at 0° C. The critical density is also 
given taking tho density of water at 4° C. 
as unit. 



Ir. 

Vc. 

Alin. 

Vc. 

lie. 

Observer. 

Acolono . 

233- 240 

52-110 

, , 

, , 

, , 


104-4 

35-01 


•2022 

Young 


10 

51-7 


.. 

Olszewski 

Ethyl alcohol .... 

243-0 

02-70 

0-00713 

0-288 

Ihimsay mid 
Young 

Argon. 

— 117-1 

52-0 


- • 

Ramsay mill 
Travers 


-121 

50-0 


. . 

(Rsziiwskl 


■wSradfrl 

47-80 

.. 

0-3045 

Young 

bromine. 



0-00005 

1-18 

Nmh'Jdlno 

Chlorine. 

141-0 

83-0 

. ■ 

.. 

Drnviu- 

Carbon lelmohlorhlc. . 

283-15 

44-07 


0-5570 

Young 

ifvdrogcn chloride (1 l(’l) 

52 at 

80-0 

.. 

(Mil 

Dewar 

Noon. 

- 205 

• • 

• • 

• • 

Ramsay and 
Truvors 

Odlnno (normal) . . . 

290-2 

24-045 

.. 

0-2327 

Young 

(’(•iitani! (normal). 

11)7-2 

33-03 

.. 

0-2323 

Young 

.ImipcntaiK. 

187-8 

32-02 

.. 

0-2343 

Young 

I’lioHiihoriis trielilorhlo . 

285 -5 

.. 

.. 

.. 

1‘uwlevsky 

Oxygon ..... 

- 118-8 

50-8 

•• 

0 - 001-4 

(von Wroljlowski) 

Olszewski 

.. 

- 118-82 

40-713 

•• 

•• 

Kiimevlingh 
On lies, etc. 

Carbon disulphide . . 

273-05 

72-808 

0-009011 


UatelU 

■Sulphur dioxide . . . 

150-0 

78-0 

(Siijotsolicwsky) 

• • 

0-52 

Caillotet et 
Mathias 

■Silica telraelilorido . 

230-0 

. . 

• . 


Memh-lojew 

Nitrogen ..... 

- 140 

35-0 

• • 

0-14 

(von Wrohlowski) 

Olszewski 

,, ..... 

- 147-13 

33-400 


• • 

Knmorlingli 
Ojim-s, oto, ■ 

Toluol . 

320-0 

41 -fl 

, , 


Allsoliul 

Water . 

358-1 

, , 

0-001874 

0-120 

Nmk-jdiiio 

..... 

3 ( 11-3 

104-01 

0-003804 


Jlatlelli 

” . 

305-0 

200-5 

•• 


(,hi Helot et 
(.'olltndcaii 

Xenon ...... 

14-7 

57-2 



Rninsay ami 
Travels 

Air. 

-140-0 

30-0 

p , 


Olszewski 

” .. 

- 141-0 

30-0 

•• 


v.Wroblowksi 















THERMAL EXPANSION 


809 


H. Davies 1 has shown that the coefficient 
of expansion of liquids nt. any temperature 
sufficiently remote from the critical can ho 
calculated from the formula a = l/(2T e - T). 
The following values at 0° O. illustrate the 
application of this rule—which is based upon 
the law of rectilinear diameters: 



Crltic.il 

TVlillUMiitllrc 

u V. 

a 

Ciilcalnleil. 

a 

Olflr rrocl. 

Acolnnn . 

287 

0-0013311 

0-001324 

Aniline . . 

420 

film 

•00082 

Bromine . 

:i02 

] KJ7 

-00104 

.Benzene . 

21)0 

1172 

•001170 

Pentane . 

1!)7 

149(1 

-001404 

Phenol , . 

410 

•00088 

-000834 

Toluol 

221 

■0010(i2 

-001028 

Naphthalene. 

408 

■00082 

-00075 

o-Xylol . . 

;ir»8 

000101 

0 00092 


Thorpe and Rucker 2 had previously shown 
that 

_T a D,- , J\I) a 

A( 1), ~ Do) ’ 

wliero I) t and D a aro the donsitics of a liquid 
at toinporaturos 'l\ and T s respectively, and 
A is a constant which they take to he 1-91)5. 
Tho two expressions aro equivalent to one 
another, 

§ (110) Mixkh (Links. — Tho equations of 
state which have boon considered uro all 
intended to apply only to pure fluids, Tho 
question of mixed gases is in a much mere 
imperfect stato. On the experimental side 
tho mixture which has boon most studied is 
that of air. Amngat’s 3 * investigations oxtond 
up to ,‘1000 atmospheres, and throughout this 
rango ho finds tho following law to bn truo : 

The volumo of a gaseous inlxluro is equal 
to tho sum of tlm volumes that tho com- 
pimontH would occupy if they woro sop am to 
ami cnoh at the pressure of tho mixture. 

Saco Kioto 1 found tho law to ho sensibly 
oxnet in tho neighbourhood of atmospheric 
pressure for a mixture of carbon dioxide mid 
nitrogen prntoxido. On tho contrary, it is in 
default for a mixture of CO a and S0 2 , 5 * of 
oxygon and hydrogen, 0 and in Homo other 
oases. 7 Experimentally it is, of course, nuioli 
bottor not to study tho law directly {by 
making various mixtures at a given pressure 
and Uncling tlm pressure of tho mixture when 
tho total volumo is preserved constant) but 
to tako.eaoh of so vend mixtures and in¬ 
vestigate tho p, v, T relations for it, 

1 Phil, Man., 11)12, XXIII. 0. r >7. 

” Tram:. Chm, 8ae„ 1881, xlv, 

3 A n in flat, Comities Pontius, 1808, cxxvll, 

1 8nc«r<letc, Coniptos Retains, lOSMi, cxxvlll. 1)91, 

8 Loilue, Camples Retains, .Ton. 17,188'.); Sneerdoto, 
Comities lkntlus, Jan, 21, 1898, 

0 Bnrthulot ami Haeerclote, Counties Rcndus, March 
27, 180S), 

7 Bra in), Wkd. A«b. xxxlv. 918, 


On tho theoretic side it is natural to 
endeavour to represent the results by an 
equation of which van derWiuils’ is the typo; 

(,, + A)c-1S)=1!T. 

If a: and I — a 1 are the relative numbers 
of molecules of the two species present, 
theoretical considerations led van dor Wanls 
to write 

A = a ,(I — »)• + a 2 x 2 -|- 2iqp:{ 1 - x), 

11 — 6,(1 — 3:) 2 -t- 6,a - +2f»,„r{ 1 - a), 

where o 12 and b u aro new constants. Kuoncii 
has verified this by direct experiment on 
mixtures of carbon dioxide and methyl 
chloride, Veusuhiiffclt on carbon dioxide and 
hydrogen, ami Quint on othano and hydro¬ 
chloric acid. Uerthelofc lias concluded from 
his experiments, in the neighbourhood of 
ntmosplicrio pressure, that 

«is = n 67,77 2 and B =6,( l -I- or) + b. 2 x. 

These eonolusions must, however, ho accepted 
with reserve. 

During Lire liquefaction of a gaseous mixture 
Dio pressure does not keep constant during 
tire co-existenco of the two plumes, but pro¬ 
gressively changes witli increase in tho 
quantity of liquid formed. Tho iHotlrermnls 
in this region are not only inclined (instead 
of horizontal us for a pure substance), but 
they uro curved. 'The composition of tho 
liquid phase is in general different from that 
of the gaseous. 

A commonly occurring enso is illustrated by 
mixtures of ace¬ 
tone and other 
(Fig. 2ff). 8 Tho 
almoisBfto on aoo 
tho diagram re¬ 
present molar 
fractions of 
ncotono, i.c. tire 
mtmbor of nor¬ 
mal molecules ' ,0 ° 
of ncclono in 
the liquid mix¬ 
ture divided by 
tho total num¬ 
ber of normal 200 
molecules of 
both kinds; tho 
ordinotcsarotlio 100 
parLial vapour 
pressures of 
acotono (A) and 
othor(D). Those 
curves can bo 

represented vory accurately indeed by the 
equations 

7r b = ir,,(l-/i n )£f)|o. a , 

5 Porter, Traits. Farad. Soc., 1820, xv, 
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whom tho suffixes a ami b rotor to tho two 
constituents ; tt in partial vapour pressure ; 
II tiio vapour pressure of a constituent whon 
tho otlior is absent ; /i„ is the molar fmetion 
of a, ami fi is a ohumctoristie constant. For 
tho particular niixtum ji- 0-741-1. 

It will ho Siam Unit for tho ratio rr/H tlioro is 
only olio characteristic constant. Tho form 
of tho curve for various values of ji is shown 
in Fig. 2(i, For methyl-alcohol and glycerol 



FlO. 20, 

0 = 1; for neotono and oloio acid 0=O-fij 
for otiiov and oloio acid 0 = -0-2; for other 
and sulphuric acid ji-- -0. 

ji (III) Tiiu 8 omi> State.—T lioro is no 
satisfactory equation yot iivailahle for tho 
solid state. The Imnsitiim from li<|uid to 
solid implies much more radical changes than 
from gas to liquid. In a true solid the 
atoms liecomo prahtienlly lixc.d in position 
(except for slight Uiermal agitation) under 
tho notion of ii'j/ilallini'. forces so ns to ho 
(lintiilmtod upon an imaginary framework or 
liittico. An amorphous hotly like ordinary 
glass or silica glass is in reality a snhcoolcd 
liquid of very high viscosity of the same 
general character as (only much more viscous 
than) water which at ordinary pressure may 
have boon cooled down to — 20° (!. without 
crystallisation into tho solid form taking place, 
(■solidification (i.c. crystallisation) is marked 
by taking place at a delinRo lompeniLuro for 
a definite pressure. At such temperature 
ami pressure the solid and liquid can exist 
together in any proportion just as for a liquid 
imd vapour. Tlioro iH a change in specifics 
volume in the act of solidification or in tho 
rovei'so process of melting; as a rule the 
spocilie volume is greator for tho liquid, 
though this rule lias notable exceptions 
(e.g. water). The following arc examples of 


tho densities of tho liquid and that of tho 
solid: 



Density. 


sniiu. 

Liquid, 

Aluminium (hammered) 

2-7 fi 

2-42U 

'Arsenic. 

fi-73 

fi-71 

Load. 

1 1 '00 

in fid 

Iron (puro) .... 

7 ’85 - 7 '88 

fi'88 

f 14-10 

lfldi 

Quicksilver .... 

| at :i8°'8 
' Id.38 

at 0° 


l at - 188° 


Ice-water at 0° C. . 

0-01074- 

0-1)11088 

Illsmuth nl 271° V. 

i)di7:i 

JO-OOt 


Tho change of specific volume in passing 
either from solid to liquid or from liquid to 
vapour is important in Thermodynamics 
(which see). 

A gas may pass directly into tho solid state 
(or tho solid may form vapour) instead of 
into the liquid stato. The conditions which 
del ermine tho phases that can ho in oquili- 
brlum with one another at a given prcssuro 
and tomporaturo form a chapter in Ohcmieal 
Dynamics. A. w. i>. 


Tiirrmal PiioiMnmKH, used as secondary 
standards of temperature and compared 
with a gas-thermometer in the range -273° 
to 0° 0. See “ Temperature, Realisation of 
Ahsolulo Soalo of,” j} (32). 

Tiikhmai. PnoiMiUTlKS wliieh Civil lie ropro. 
duced and used ns secondary standards of 
temperature ahevo fi00° ('. (1) 'The spooido . 
heat of platinum ; (2) Tho index of refrac¬ 
tion of air; (3) The total radiation from 
a blank body; (4) The radiated energy 
corresponding to a given wave-length in the 
radiation from a black body. See “Tem- 
jiemture, Realisation of Ahsolulo Scale of,’ 1 

§ (41). 

Til hum at. Buoi*i:imi:s and Fixed Tbmtkha- 
tuhks, Comhination otf, used as a secondary 
standard of tomjKimturo in the range above 
1500° C. and compared with a gas-thormo- 
motor. tiee “ Tomporaturo, Realisation of 
Absolute Scalo of,” § (42). j 

Tukhmad Riiopmbti kh or Suustanoes, used ; 
as secondary Htuiidards of temperature, by! 
coinparison with a gas-thermometer. Sec. 
“ Temperature, Realisation of Absuluto 
Scalo of,” § (2fi). 

Tukumat. Unit, British. One 180th ]iart of; 
tho heat required, to raise one ]>mmd of, 
water from the melting-point to the boiling- 
point at a pressure of one atmosphere. See | 
“ Thermodynamics,” § (2). 
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§ (I) Inthohootion. — The thermoelectric 
pyrometer is tho most generally used of all 
appliances for the measurement of moderately 
high temperatures, and in tho course of time 
it has been developed into ail instrument 
of precision. 

Starting from tho basic discovery of Scobook 
in 1828 that at tho junction of two dissimilar 
motals when heated an clcclromntivo force was 
Bonorated, iiimimcmhlo attempts woro made 
<hiring tho subsequent half-ccntury to con¬ 
struct a practical form of pyrometer upon this 
principle. 

Those attempts generally ended in failure, 
not on account of any inherent dofeofc in the 
mothods, hut because tho extremo suscepti¬ 
bility of tho thermoelectric properties of metals 
to slight chemical and physical changes was 
not at that time fully realised. Pouillot, 
for oxnmplo, adopted tho combination of a 
platinum wire enclosed in an iron gun-barrel. 
It is now known that tho platinum is rapidly 
deteriorated at high temperatures by reducing 
Buses and metallic vapour, so that tho choico 
of an iron barrel by Pouillot was vory un¬ 
fortunate. 

Another serious disability that tho early 
investigators laboured under was inadequate 
doctrinal instruments for measuring tho 
(small U.JI.L 1 ’. generated; it is only within 
oompurutivoly recent years that thermoelectric 
potentiometers and high resistance moving 
tioil indicators of tho pivoted typo have boon 
ovolvod. 

At tho present day tho tlionnoolcotrio 
method of measuring toinpomturo 1ms attained 
«, degree of precision second only to tho 
I'csistunco thermometer, and for tompornturcs 
exceeding 1100° 0. it is tho only convenient 
anil sensitive electrical method available. 

It must be emphasised, however, that tho 
thermoelement is only a subsidiary instrument 
whose scale will nob stand extrapolation ovor 
extended tomperaturo ranges, and oaoh in¬ 
dividual pyromotor requires calibration. 

A thormuoleotrio pyrometer outfit is mado 
up of tho following Moments; 

1. Tho two motals constituting tho thormo- 
olomont. 

2. Tho oleotrloal insulation of these wires 
and tho protecting tubes. 

3. The indicator or potentiometer for 
measuring the thermal IO.M.F. 

4. The provision for controlling the cold 
junction toinpomturo. 

fi, Tho wiring system, switches, oto., when 
the installation oonsisls of more than ono 
pyromotor, 

The choice of pure motals and alloys for 
Use in the construction of thermocouples 


is primarily determined by tho temperature 
which has to bo measured. 

But for the question of cost platinum and 
its alloys would he universally used, ns their 
non-oxidisability and high melting-point make 
thorn ideally suitable for thermoelectric work. 

The necessity of substituting sumo less ex¬ 
pensive material for these rare metals has led 
to an extended study of other metals and 
alloys, with the result that it is now possible 
to measure temperatures up to 1200° C. with 
base metal couples with a moderate degree 
of accuracy, but for scientific work at high 
temperatures there is no alternative to the 
mro metal thermoelement. 

ji (2) Basis Mktai, Tiikrmoki.qmknts,—F or 
low-tomperaturo work up to about 300° C. 
copper, iron, or silver versus constantan 1 arcs 
quite satisfactory, possessing a largo E.M.F. 
per degree of the order of >10 to 00 microvolts. 

(i.) Copper Con$tat>tan .—Both copper and 
constantau are obtainable in nny size wires and 
tho thermocouples maintain their calibration 
if not overheated. At temperatures above 
300° C. rapid deterioration occurs unless tho 
couple is made of heavy section wires, nnd 
experience has shown that a precision of only 
fi° to 10° 0. can he expected in measuring 
temjKiratiircH in tho neighbourhood of fiO0° C. 

(ii.) Iron Constanlun .—Tho E.M.E. tempera¬ 
ture relationship of iron constantan is a closer 
approximation to a straight line than is tho 
ease with cop])or constantau. For work nls 
low temperatures the combination has tho 
practical drawback that tho iron is liable to 
mat in a humid atmosphere. 

Iron constantan thermocouples are employed 
in technical work up to 800° 0. and are then 
made of very heavy section wires. After 
prolonged exposure to high tompornturcs iron 
is subject to the development of parasitic 
currents. These may liavo their origin in n. 
variety of sources. It is believed that 
segregation nnd cavities of occluded gas in tho 
onsting can give rise to a want of homogeneity, 
whilst ohangos of crystal structure on prolonged 
heating are also a frequent sourco of trouble. 

(iii.) Iron Nickel .—Tills combination of two 
common motals was once extensively used in 
industrial work, but has since been largely 
displaced by alloys more resistant to oxidation 
and to ohango at high temperatures. 

Nickel undergoes a molecular transformation 
between 230° (I and 390° 0. which renders tlio 
pyrometer unsuitable for use ovor this range,, 
but it gives fairly satisfactory results between 
400° and 800° C. 

Tho E.M.E. temperature relationship of tho 
oouplc is nearly linear ovor tho working range. 

A peculiar fact has been observed about 
nickel: the pure metal is oxidised and 

1 An alloy containing CO per cent copper, -10 per 
cent nickel. 
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rendered brittle l>y floating in air, whilst its 
alloys with climinium and aluminium resist 
oxidisation fairly well and do not deteriorate 
rapidly. 

(iv.) Nickel-Chromium, Nickel-Aluminium .— 
Nickel-chromium : !)0 ])or eont Ni, 10 per cont 
Cr; niekel-aluminiuni: 98 per cont Al, 

about 2 per cent Ni, with Si and Mn. 

This combination wns introduced by Hoskins 
and is sometimes known by tho trade name of 
ehvomel-nlmuel thermoelement. It originated 
in a search for a metal to replace the iron 
olcinont. in tho iron - nickel thermoelement. 
Tho alloy “ chromel ” proved so successful 
that a substitute for niokoi was found in tho 
“ulumel" alloy. Tho presence of small 
quantities of silicon and manganese appears 
essential, for it whs found that although tho 
pure nickel aluminium alloy stood up well at 
high tomjioratuiDfl it became brittle with use 
at lower temperatures. 

Tho ohromohahiniol cmiplo can bo used .up 
to 1100° C. continuously, and will stand for 
short periods a temperature 2(10° C. higher. 

Tho R.iM.F. tempemturo curve almvo 100° 0. 
is nearly a straight line. 

It should bo roinomlwrad that tho 'JS.M.F. of 
base motal couples dcoronsu with prolonged 
exposure to high tomperatures, so frequent 
ro-enlibmtion is nocussnry. 

Tho fact that base metal thermocouples 
generate about four times tho 3S.M.F. per 
degree of ii platinum-rhodium couplo is an 
advantage from tho point of viow of tho 
oonstmolion of robust pivoted 
indicators for portable outfits, 
hut sincu they are 
less slublo than tho 
platinum couples 
they cannot bo uni- 
ployod for work 
whore permanency 
of oalibrntiou is 
essential. 

§ (B) I'r.ATINUM 
Til JIIIMo lir.M- 
MI'SUTH. (i.) Pla¬ 
tinum-Phil ilium 
10 per cent JUnt¬ 
il i u hi, —T ii i b 


(1 10 12 H lam 20 22 24 30 2U 

Time in hours 

via. l. 

Ihormoolomout was introduced by Lo Cliatolior 
in lHHfl, and lias since remained tho most 
rollnblo of nil combinations tested. 

It is gonorally employed in seiontifto work 
at high tomporatufce and in a great many 



industrial installations. Such couples will 
stand 15i(i0° 0., but euro must be taken to 
shield thorn from reducing gases, silicon, or 
metallic vapours. Platinum couples must be 
thoroughly protected from the vapours 
distilled from graphite or carbon at hi'di 
tomperatures. 

(ii.) Platinum-Plat ininn Iridium .—-Tho plat¬ 
inum-iridium alloy, first Used by Bums, works 
satisfactorily up to about 1000 ° 0., but at 
higher temperatures tho iridium volatilises mid 
prolonged exposure causes contamination of 
the pure platinum limb of the element. 

Tho relative volatility of the rare metals is 
shown by tho curves in Fig. 1, which are based 
on some experiments made by Sir William 
Crookes. The metals were kept at a tompoiu- 
turo of 1300° 

§ (•(■) .PiiOTicoTiNd Tunics.—The choice of 
protecting sheath for a thermoelement is deter¬ 
mined primarily by flic conditions under whioh 
tho pyrometer is to ho used. For experimental 
work whoro there is no danger of contamina¬ 
tion it is possible to use a thermoelement 
without a pro- _ 

oovortil tends 

' <n Potentiometer 
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Fill. 2. 


touting tube 
and thus di¬ 
minish “ lag ” 
enormously. 

Aoonvuniont 
m o t h o d o f 
mounting for 
laboratory use 
is shown in 
Fiy. 2. Tho 
parts to bn in¬ 
serted in the 

hot region are iiiHiilulod with capillaries of 
fireclay, while the junolioim with the copper 
leads are inserted in glass tubes which aro 
maintained at 0° 0. by immersion in powdered 
ice. Tho wide-necked form of commercial 
vacuum flask is a useful receptacle for tho 
ice. Tho two leads on tho right of Fiy. 2 
aro of thin guttapercha-covered copper and 
are connected to the indicator or potentio¬ 
meter. Where there is risk of contamination 
of tho element it is advisable to protect it by 


Fill. if. 

enclosing in a hard glass, fused silica,, or 
glazed porcelain tube. 

For temperatures up to fi00° 0. hard glass 
capillaries and sheaths can bo employed. 
Similarly, fused silica is available for tern pom- 
tares up to 1000“ 0. for prolonged periods. 

A compact typo of covering is shown in 
Fig, 3. Two silica capillaries arc fused into a 
sheath terminating in a bulb at tho bottom.- 
Tho wires are threaded through tho ond B, 
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which in then scaled up with tlio junction 
on«?J ( jH(»d in tlio bulb, ;ih shown. .Since the 
outside diameter is only about G millimetres 
tho eouplo cun bo inserted into a small 
Hpnco. 

When necessary the lubo can ho bent with 
thn wire in situ by means of the oxy-eonl gas 
blow-pipe. 

Jfor work lit comparatively low temperatures 
notion or silk insulation in quite satisfactory, 
jimvidofl it is paraffined or shellac-varnished. 

Twin wires of iron constuntmi are obtainable 
with the two wires separately insulated and 
mu!loses I in u double covering of cotton or 
silk. In this form the wires can bo laid in 
grooves a few millimetres deep. 

(i.) Porcelain Tubas .—For industrial use it 
in generally necessary to oncloso the thermo* 
oouplo in a lube of glazed porcelain hemi- 
Hphorienlly closed at one end. The best 
grades of refractory porcelain have a melting- 
point above that of platinum, but since the 
material is porous to gases it cannot ho used 
without, a coating of glaze. The tubes are 
Uion serviceable to about M00° C. only. Tlio 
tnrm porcelain onmprlses a variety of materials 
from vitrified porcelains to highly refractory 
porcelains. 

Vitrillod porcelain will not stand rapid 
changes of temperature, but out I hi used 
continuously up to 1200“ It Such lubes are 
KHuidly gas-tight without being glazed, but 
arc frequently glazed ns mi added precaution. 

UefruotoVy porcelain tubes will stand up 
to l-KK) 0 (J., but prolonged exposure onuses 
absorption of tlio softened glaze into the body 
of the tube. 

(ii.) Fused Milica Tubes .—Fused silica tubes 
win lie used up to 1000“ 0. in an oxidising 
atmosphere Creo from alkalis. 

Prolonged exposure to temperatures nbovo 
1.000° O. causes devitrification of the quartz: 
tlio material becomes crystallised, loses its 
mechanical strength, and is then pornioahlo 
to gases. It appears that silica is slightly 
jiormeahlo to hydrogen at high tomporatures, 
which in a serious drawback, since the presence 
of hydrogen within the protecting tube of a 
platinum thermoelement results in tlio reduc¬ 
tion of silica to silicon, which attacks the 
platinum. 

Tlio principal advantage of quartz as a 
tluH'inoolomcnt protection lies in its extremely 
low cooilieiunt of thermal expansion, which 
enables it to withstand violent temperature 
olmngoH without fracture. 

(iii.) Alundum ,—This is the trade name for 
a tubing composed of fused alumina (Al a O s ) 
with firoelay as hinder. The alumina is shrunk 
into a cion so mass in an electric furnace and 
thou ground and made into tubes by the 
addition of a little clay. 

Tlio unglazod tubing will stand 1GG0° 0., 


but is porous, consequently the tubes are 
frequently given a glaze coating and this 
again covered with a layer of nhnnina. 

This method permits the tubes to ho used 
to temperatures exceeding the softening point 
of the glaze. The limiting temperature of 
the glazed tubes appears to bn about the 
same ns that of porcelain tubes. 

§(G) Outer Pkotecting Tubes.— In indus¬ 
trial insinuations further mechanical protec¬ 
tion is required l>y tlio porcelain or quartz 
sheath, and for this purpose carborundum, 
graphite, anil a variety of metallic tubes are 
employed. 

(i.) Carborundum. — Carborundum is an 
electric furnace product primarily composed 
of carbon and silicon. It is highly refractory 
and possesses many of the physical properties 
desirable in a protecting tube for tlio porcelain 
sheath. 

When heated in an oxidising atmosphere 
the oxidisation of the silicon to silica begins at 
1200° 0. At IfiOO 0 0. the Hilica formed on tlio 
surfaeo of the tube fuses and protects tlio tube 
from further oxidation. Very finely crystalline 
carborundum made into tubing known ns 
“ silfmx ” is extensively used for furnace work. 
Carborundum tubes arc pormeahlo to gases 
and arc readily attacked by basic slug. Since 
carborundum reacts at high temperatures with 
practically all metals it is essential to employ 
an inner protecting lulus around tlio thermo¬ 
couple. 

(ii.) Oraphile. — Jn reducing atmospheres 
graphite lubes form an excellent protection to 
porcelain and quartz sheaths. They arc parti¬ 
cularly useful iii tlio ease of molten aluminium, 
which readily attacks porcelain. 

Plumbago tubes, which mo nmdo of graphite 
and fireclay, will withstand much higher 
tomporatiircs than fireclay alone, and arc 
frequently used in permanent installations. 

(iii.) Iron and filed .—The use of wrought 
iron or stcol tubing as mechanical protection 
is very common in the industries. They are 
satisfactory up to about 900° 0 ., and the cost 
of roplncomont is not iv serious item. 

Calorising tlio surfaeo, which consists in 
impregnating tlio surfaeo with aluminium, 
inorenses the resistance to oxidation and 
so prolongs tlio life of tlio tube two- or 
threefold. 

(iv.) Nichrome .—As a substitute for iron 
and steel tubes cast nichrome tubes urn 
used to some extent. These Lubes withstand 
oxidation remarkably well, so that their 
greater cost is more than balanced by their 
longer life. Up to the present it lias not 
linen found possible to draw nichrome into 
tidies, so eastings have to bo employed, a ml 
with those extfemo oaro has to bo exorcised 
to avoid pinholes. 

(v.) Molybdenum. — This element has a 
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melting-point of about 2500° C. Experiments 
have proved that it can lie dipped into molten 
brass, copper, etc., without being attacked, 
hence there nro possibilities for this material 
when it becomes available on a commercial 
basis. 

(vi.) Zircmin .—Fused ziroonin is an excellent 
refractory and will probably bo extensively 
used when tho difficulties of manufacture havo 
been overcome. 

§ (il) Ei.uoTiucAf. Insulation op tun 
AVinns.—-Tho electrical insulation of tho wires 
constituting a thermoelement can be offocted 
by tho use of porcelain or fireclay capillary 
tailing in the caso of platinum thermo¬ 
couples. 

Base metal couples of heavy wire aro 
sometimes insulated with fireclay tubing. A 
slight fluxing of tho oxides with the fireclay 
is noticeable on the ennstantan wire whon 
boated to 11)1)0° 0., but tho moknl-chromium 
alloys seem to bo free from this trouble. 

Tho alternative method of insulating bnso 
metal thermocouples is to omploy asbestos 
string or tubing painted with a solution of 
carborundum, liresand, and sodium silioato 
mixed to n thick paste. Whon heated above 
000° 0. this insulation rapidly disintegrates. 
If tho iron element of a thermocouple is 
protected this way and heated for somo tiino 
to about 1000° ()., it will bo found that tho 
wiro grows to nearly twice its original diameter 
and onn bo easily broken by tho lingers. In 
fact tho iron, asbestos, and carborundum will 
combine chemically, and no free iron will bo 
Left. Carborundum, of course, attacks motals 
vigorously at high temperatures. 

§ (7) Tkmi’iouatuhb Indioatoiis ok tun 
MiLl.rvor.'i’MBTUH Tvrio.—'I’ho majority of the 
thermocouples used in industrial work aro 
equipped with moving coil indicators. Tho 
instruments are identical in construction with 
millivoll motors, while tho scales aro generally 
graduated to read temperatures dircotly. 

The calibration of such an instrument is 
correct ho long ns the total resistance of tho 
circuit remains unaltered. 

When the indicator lias a resistance of 
from 100 to 500 ohms, small variations in tho 
resistance of the loads or of tho couple are of 
no consequence. 

An idea of tho high sensitivity necessary in 
tho indicator may bo formed when a comparison 
is made with ordinary voltmeters. With a 
thermocouple outfit it is often desirable to 
have a full scale deflection for 10 millivolts, 
which is only one ten-thousandth of the 
voltage which tho switch-board instrument 
has to measure on a 100-volt system, 

T " order to obtain a robust moving-coil 
tho indicators fitted p> baso metal 
couplos sometimes havo a resistance ns low as 
2 ohms, and if tho couples aro of heavy 


seetiou wire, protected from oxidation, tho 
outfits work fairly satisfactorily. 

Especial caro must bo taken with such 
installations not to cause any alteration of 
the total resistance of the circuit. 

It must lio borne in mind that the indications 
of such an outfit will also be affected by 
changes of resistance of the leads caused by 
variations of temperature of tho furnaco 
room. It was observed in the easo of a 5-olnn 
resistance indicator that changes of tempera¬ 
ture from 0° to :!r>° O. along 50 ft. of wiring 
from tho thermocouple to tho instrument 
caused tho indicator to read 10° C. low at 
(550° C. So apart from difficulties due tn 
oxidation and varying depths of immersion 
high accuracy cannot be obtained with a low- 
resistance millivoitmoter. With platinum 
thermocouples the cost of the material 
prohibits tho uso of thick wire, and it is 
therefore necessary to omploy high-resistance 
indicators. 

Millivoltmctors are now obtainable of 500 
ohms resistance, giving a full scale deflection 
for 40 millivolts, and tho indications of such 
an outfit can generally lie relied upon within 
•J;5° 0. Whon higher accuracy is desired it is 
necessary to uso a potentiometer. 

§ (8) Compensation foii Varyino Circuit 
Resistance. — Harrison and Foote hnvo 
(loseribod a scheme of circuits by menus 
of which it is possible to arrange that tho 
total resistance of galvanometer, leads, and 
thormooloment is periodically adjusted to a 
fixed value. Tho principle of the inothod 
will bo understood from Fig, 4. There is 
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an adjustable resistance r x in series with tho 
moving coil and swamping resistance of tho 
millivoitmctcr or temperature indicator. 

On depressing a key, pnrtr 0 of the swamping 
resistance is short-oircuitcd and the remaining 
part together with tho moving coil >- a is 
shunted by tho resistance r 4 . The instrument 
is calibrated in terms of tho potential drop 
aoross its terminals for a maximum vnluo of 
r (t ==r i> Li the construction tho resistances 
aro proportioned according to tho relation 
r 2 r i~ r i r f If the resistance r x is so adjusted 
that tho dofioction of the pointer is unchanged 
by depressing tho key K it can readily bo proved 
that tho total resistance of tho circuit is that 
for which tho instrument is calibrated, the 
sum of r„ and nil external resistance being 
thus made equal to r v Hence it follows that 
tho instrument measures tho truo E.M.F. in 
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■I simple circuit, nr if connected across a resist- 
n»oo or network through which a current flows 
it indicates the potential drop which would 
Lnvo existed had the instrument not been 
<i «>iUiccl:eil. In this respect it functions as a 
potentiometer, yet it does not operate on the 
potoiitiomctnc principle, since it does not 
I'eijuiro a standard cell or an auxiliary battery, 
tho only E.M.F. employed in the adjustment 
Leing that of the source, measured. 

Hy constructing the apparatus so that the 
J’litio »•,■,/*’, is equal to from 5 to 10 it is 
possible to adjust r x with 5 to 10 times the 
prcniiaion necessary. Thus if the galvano- 
inotor can lie read to ,' ff of a scale division 
tlvo lino resistance may ho adjusted with 
a precision equivalent to - t l ff of a scale 
division, which is at least 10 times tlio 
iUKiiimey ]ioHsiljlo with nil indicating instru- 
numt. This prinoiplo of magnification of 
errors greatly facilitates the propor ndjust- 
mont of r x . Ily varying the cop]ier to 
nmuganin ratio in r, it is possible to produce 
a compensated instrument of zom temperaturc- 
o<K)|tieioiit from a millivollmctcr having an 
excessive copper content. 

Snell an instrument should bo aorviceablo 
in thermocouple work. The compensated 
ini 111 voltmeter may also ho used in multiple 
inutullutions of thermocouples having different 
lino resistances, as many resistances r x being 
inn ployed ns there are couples. These may 
l>n inexpensive rheostats, one located in each 
lino boLweon the couple and selective switch, 
mu! still the aocuraey of adjustment will bo 
no high ns though precision rheostats wore 
employed. 

$ {()) PoTIlNTIOMimiKS POIl TIIE MkaSUUE- 
m.kkt oil’ Theiimai, E.M.F.’a.— Sineo the 
dnotromotivo forces to ho monsured aro of 
millivolt order tlio potentiometer has also to 
lin specially designed for tho work. 

With a low ■ resistance ])otentiometor and 
a Honsitivo moving coil galvanometer, it is 
possible to monsuro to 1 microvolt with cer¬ 
tainty, and with greater precaution measure¬ 
ments to ()■] microvolt are possible, hut rarely 
iiooossaiy. 

Essentially, a potentiometer is a row of 
resistances in series through which steady 
ouiTont is imased. This current is kopt eon- 
stunt by occasionally adjusting it so that tho 
fall of potential through a fixed resistance 
ImluiKieH tho E.M.P. of a standard (cadmium) 
noli. 

'J'lion, sineo in a simple circuit the fall of 
potential is proportional to tho resistance, 
any K.M.F. within tho range of tho instru¬ 
ment can ho measured by balancing it 
against the drop river the appropriate known 
resistances. 

In Fig. 5 tho rheostat Lt is adjusted until 
Clio difference in potential across K is 


balanced against the E.M.F. of the standard 
cadmium cell 0 (1-0185 volts 1 ). The E.M.R 
of the thermocouple is balanced on the resist¬ 
ance r, shown here for simplicity as a uniform 
wire. 

Tho potentiometer can be made direct- 
reading in microvolts, by so constructing that 
tho fall in potential per ohm resistance is 
some definite value, for example, 1 volt per 



100 ohms. Hence to measure in steps of 
millivolts requires subdivision of tlio resistances 
into 0-1 ohm coils. A bridge iviro in series 
(of the same resistance), having a scale divided 
into a hundred parts, would enable readings 
to bo taken to 10 microvolts or by estimation 
to 2. In such a case the point 1* could move 
over the studs of the coils, while Q. would 
traverse tho bridge wire. 

Sineo potential contacts only are necessary, 
there is no objection to the use of low resistances 
in the circuits. 

§ (10) SlMl’I.K UllttJUIT Potentiomktku.—A 
practical form of t ho diagram above is shown 
in Fig, (i. 

Tho currant through tho potentiometer is 
adjusted to bo 0-01 amp. by balancing tho 
cadmium coll E.M.F. 10185 volts at lfl° 0, 
across 101-85 ohnie (circuit shown dotted in 
diagram). 

The working range of the potentiometer 
consists of 100 equal coils arranged in four dials 
of 25 coils ouch. 

The resistance of eacli coil is 0 01 ohm, hence 
tho total fall of potential across tho hundred 
coilB is 10 microvolts, and across each coil 100 
microvolts, 

Tho bridge wire in series with tho coils is of 
0-01 ohm, and tho scale is subdivided into 
300 parts, consequently the value of 1 division 
is 1 miorovolt. 

By inserting a plug which short-circuits half 
tho resistance ncross which tho standard cell 
is balanced, tho range of tho instrument is 
doubled. 

An alternate way of obtaining higher ranges 
is to employ two or three secondary cells in 
series and halanco against 2, 3, or 4 cadmium 
colls. 

1 15.51.F. of atandunl cailinhini cell at 16° C.= 
1-0186 International volts, or 1-0183 nt 20° C, 
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§(11) Vkuxikii Fokms of Potkntiomktkuh. 
—TIio abovo-rtcsuribcd potentiometer, which 
is reprcBontativo of a largo class, lias tho dis¬ 
advantage of only permitting steps of equal 
value. Tho decade principle common in I'.O. 
resistance boxes is not possible with the uimplo 
oarcuit of series coils. 

This difficulty was surmounted in a very 
ingenious manner by Thomson and Varloy in 
their vernier typo of potentiometer, which was 
designed for resislanco and cell acini pari soil 



work, In this typo tho slido wire of tlu 
ordinary Clark potentiomoter is replaced by 
a subdivided resistance coil, which can be 
placed in parallol with any two coils in sories 
of tho main circuit, as shown in Fig, 7. 

Tho Htiiwiwi* »f. ......through u 

,n l coils of 
1 dial of 
iced in 
of tho 


Now, tho effect of tho second dial as slnmt 
on tho two coils of tho main dial is to make 
tho offoetivo resistance between the points 
of contact equal to 10(H) ohms, i.p. that of 
the individual slops. 11 once the fall in 
potential over tho 100 coils in Urn shunt dial 
is the same as that over a single coil of the 
main dial, so that tho elfeel, of the shunt .dial 
coils is to give 100 intermediate slops between 
any two points on tlw main dial, 

it will be observed that the contact resist* 
mines at the points where tho shunt dial is 
connected to tho main dial arc assumed to bo 
negligible. 

Tho drawback to tho application of I ho 
vernier principle to I hormoohiolrio potentio¬ 
meters in that tho coils of the latter have 
to ho of low resistance in order to obtain 
sensitivity. Meneo eon tact resistances require 
careful elimination when tho principle is 
applied to low-resislanco potentiometers. 

Harkov (lOO'l) described a simple form of 
vernier potentiometer in which (lie second 
dial above referred to was replaced by a plain 
bridge wire. 

Tho connections urn shown in Fig. 8. The 
standard eel I is balanced across 101*85 ohms, 
hence tho current is 0*01 amp. 

Tint 20 coils All each have u resistance of 
0*1 ohm, so that tho potential drop per coil 
is 1 millivolt or .1000 microvolts. Each of tho 
11 coils in tho row CM) has a resislanco of 0 01 
ohm,- consequently tho potential dilforcnoo 
per coil is 100 intern volts. Tho bridgo wiro 
EE can ho placod in parallol with any two 
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coils OR, and is 0-02 ohm in resistance. Tho 
senlo is subdivided into 100 parts, enoh of 
which corresponds to 1 microvolt. All con¬ 
tacts to the coils AB and OR arc in ado by 
moans of moreury cups. Manganin bars arc 
laid alongside llio cups and drilled with ft 
corresponding series of holes, so that tho 



commotion at any point may ho o fleeted by a 
d-slmpcd dopjior bar. 

Tinsley has dovised a form of vernier 
potentiomotor in which tho slide wire is 
replaced by a dial with 100 stud con taolu, 
between each of which thorn is a resistance 
of one-thousandth of an ohm. Tho potentio¬ 
meter consists essentinlly of 1 main dial of 
20 coils of 10 ohm. each, across which is 
inserted tho shunt, dial, eonsisting of 100 coils 
of 0-2 ohms enoh, seo Fiy. 0. Thin dial is 
arranged so tliat it is always shunted noross 
two ooils of the main dial in tho usual nuumer. 
Tims with a ourront of one miUiamporc through 


171-00 0/ifiis 



the oirouit tho main dial reada '01 volt ]jor stud. 
Tho vernier dial roads '0001 volt per stud, 
whilst the fine adjustment dial reads -000001 
or 1 microvolt per stop. Honco the rango 
of tho potentiometer lies between -1001 volt 
and 1 microvolt. A rango of 10 times this vahio 
is obtained by moving tho plug from 33 to A, 
Tho current through tho potentiometer is sot 
by balancing a cadmium standard coll against 
101*85 ohms on tho dials and with tho plug in 


position A. When tho plug is placed in the.11 
current through the potentiometer is reduced 
to one • tenth its original value, whilst tho 
total resistance in tho battery circuit remains 
unaltered. 

The design would be improved if the 
standard cadmium coll was balanced against a 
separate resistance, as then the adjustments of 
tho dials would not have to be altered when it 
was desired to check the current in the oirouit. 

Mr. It. Paul has also designed a vernier 
potentiometer with two ranges ; on tho lower 
rango KM.l'Vs from 1 microvolt to 17 milli¬ 
volts can bo measured, while the second mngo 
is 10 times Mint of tho lower. 

Fir/. 10 shows the connections (Ungrammatic¬ 
ally : in the* actual instrument the coils are 
curried on a series of drums sot alongside each 
other. Tho standard coll is balanced by 



varying X 1 with tho plug inserted in A, (lie 
position corresponding to tho higher range, 
ft will bo scon Hint the values of tho various 
resistances fil'd so adjusted Hint tho effect of 
transferring tho plug from A to B is to reduce 
kho 30.M.K oil tho working portion of tho 
potentiometer to one-tenth tho original value, 
while leaving the resistance of the complete 
oirouit in Hones with tho storage coll tin- 
olunigcd. Tho plug in tho position 33 gives tho 
lower rango. 

The current through tho potentiometer coils 
is O'OOl amp. for tho higher range, end 0 0001 
amp. for tho lower range. Tho high resistance 
of this potentiometer necessitates the use of a 
galvanometer of high resistance (of the order 
•of 1090 ohms) and high sensitivity. In fact, 
for working on the lower rango the best class 
of moving coil galvanometer is required. Also 
attention must bo paid to tho elimination of 

1 Tim adjustable resistance X brings llio pnlentlo- 
motcr resistance up to 1850 ohms when llio K.M.I*’. 
of tho storage cell is 1-85 volt, 
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'I'tio potentiometer euiTOnt in adjusted. to 
‘91 it nip. when tho lust dial is In lead ill 
U'iciravvnll steps, and generally provision is 
"'adn for working with a current of one-tenth 
Hi in jLinoimt if desired, The eummt enters 
Mm 1 mtontiomolor at T, and leaves at T,'. On 
< a ii(.ori:nf/ it divides iuln tint l-wo 1 trundles, 
Mm i-nHiHtimeen nf which arts ho arranged 
Min i, ton-elevenths «>f <ho total current Howh 
Mi tlm left ami one-eleventh to tint right, 
and U,o ih-sign is Hindi that these relative 
vuliidH nrn mninliiined for nil positions of the 
H 'VI t <s||(>H. 

Kutih caiil in llie ileendn l. and in tho group 
•»f in >m pm mating cnils V. has a resistance of 
I ulatti, the eoil contacts are arranged on the 
oiriuj inference of a drain, and the sliding 
liriiHliiiH 'I', and T,' aro mi linked that if T, iH 
nhifttul lit the right, T,' in shifted an eipial 
mi in I jor of eoils to the left. The reaisliineeH 
of lit,idr paths helvveeii the termiimls 'J‘, and 
'I’j' »tro flilift kept constant. 

i\a nil the eoils in deeades II. and III. and all 
lliii ciotn primal! ug eoils in II'. and III', am 
nlilcisi, |.ho reHislnuoeH of liotli the left-hand 
mid tlio right-hand branches of the eiiiaiit are 
intUs)iiunh'iil of tins posilionH of T l( ami ’I' 1M . 
Tli< t noils are grouped in dials ho that the Mingle 
mi iv oin out of the brush emit net a mi Micro to 
I n il ig< in the eoil and its compensator. The 
IMSin1 mlees of the anils are (HI ohm ouch. 
Tim primp of eoils IV. emmisls of a 1-ohm eoil 
(/.if., Mm 1 -ohm anil hetiveen - 1 mid 0 of 
iliKuiile I.), slunited by a variable n»iHtain«» 
wliinh consists of a lixeil portion HMH olmi 
and a viuinhlu part ineluded between -1 and 
tho |n>mtiou of the sliding uoiitiuit. 'J'ho eoils 
in Mm variable portion of TV. are: 


ItlltWCCIl 

ohms. 

- - 1 mid I) 

H-ycu 

end 1 

mim 

1 mid 2 

12'tl2ll 1 

V, end 8 

in*2JM 

it mid 4 

81*1140 


Pel wren 

( linns. 

'I ami r> 

no-ito 

0 mid (1 

40*41 

Cl mu) 7 

7r»w) 

7 ami H 

101*01 

8 mill 1) 

404 -04 

0 mid 10 

00 


I n the group IV'. the order is reversed, for 
dxii in phi, the rcsistanee eoil of 8*2M4 ohms is 
hid, wen emit nets f) and JO instead of hetweon 
.... i mill 0, The resistances are given these 
tm rtioulnr viiluca in order that, when the eon- 
in IV, in moved one step, the resistance 
ho twmm T, and T„ may idwuys ho altered by 
ii. <l(dlrrite amount, IMIllli ohm, which is i A a 
of t he iiltemtiou which would he obtained by 
mo v iug T„ one number. For instance, if the 
(UtitiLilo eoutnob is on nninher 4, the resistance 

of is roup IV, in 


l y lfitWil 
J{ jv r i :i loii-fii 


wo-nuM-s. 


'When it is on niunlior fi, this becomes 


H 4( -52 

K iv -“u iHo-«r~ u 


Tlio dilTeronce of these Live values is 0*0011 
ohm, while the valuo of a single stop in IT. is 
0*11 ohm. 

The minimum value of R, v is 


Hi w =— 0*0800, 


lv “ I -) filMHM 
so the general value is 


Jl IV —0*0800 d-0*0011 xm iv , 

whore « [V is tho number of (lie contact on 
dial IV. 

Similarly, Uio general value of R n „ is 

:it fV .^0*0080- o*()t)i i x u ]v ». 


Tn deeade V. tho eoil of 8*201 ohms is 
between eon tacts 1) and 1.0: in tho group 
of compensat ing eoils V y . it is between - 1 and 
0, so in general 


tt v "0*1)080-0*001 lw v , 
it v *«o*oRsm 10*0011 »i V '. 

The coils ft, c, d have such values that;, taken 
in (unijunction with Urn other resistances, they 
divide the current Mowing in at T, in tho 
ratio 10 to 1. ‘The resistance of ft is 0*11080. 

The voltage between T n and T m is the 
dilTeronce of tlio ohmic drops measured from 
T,, so for any Boiling 

(l) IVIx.l[»| x 1 I- 0 0800 MH) 01 l?f lv 
-t-0* 110HW -I- 0* 11 («,, ■!• i )J 

- -/j X J[(10 - »i) 1 -1-0*0080 - 0-001 hi 

■K>-11(10-*„,)] 




, 5, ir M iu . w iv }, v N 

'*■ to '' Too ' ukiT) 10,600/ 


whero .1 is the uumnit in tlio potentiometer 
circuit. 

Therefore, when the dials aro properly graclu- 
ated, the unknown IVl). is measured by the 
sum of tho dial readings in the customary 
man n or. 

A study of the network shews that if tho 
buttery circuit is open the resistance between 
tho galvanometer terminals ( l-X mid^ -X) is, 
to a good degree of approximation, M-.lft ohms, 
and when the battery circuit in closed through 
a series resistance B, which is external to the 
potentinmoter, tho resistance becomes, using 
a second approximation, 


whore It is the resistance of the potentiometer 
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between Tj and 'jy wit'll tlio galvanometer 
eirenit open. 

Tiie resistance of the right-hand path be¬ 
tween Tj and 'jy is 990 nlnns: that of the 
left-hand path 9!) ohms.* the resistance of the 
whole apparatus is therefore It=90 ohms. 

If a storage cell is used and tho potentio¬ 
meter current is 0*001 amp., Jt-l-B must bo 
approximately 2000 ohms: therefore, tho 
maximum variation in tho resistance of tho 
galvanometer circuit will ho only 0 * 0 , r > ohm, or 
about 0*3 per cent. For a current of *01 
amp. the variation will be .1 per con t. This 
approximate constancy of tho resistance allows 
one to obtain tho last figure in tho P.D. under 
measurement, by tho deflection method, tho 
reading of tho last decade, v v , being kept at 
zero. By properly setting up tho apparatus, 
tho full reading of the last decade, « v = 10 , 
may he made to correspond to 1 , 10 , or 100 
divisions cm tho galvanometer scale;, and tho 
necessity for exact balancing may lie thus 
obviated. Where the 1\D. to ho measured is 
fluctuating slightly, this is a decided advan¬ 
tage. 

Another advantage if a moving coil gal¬ 
vanometer is used is that tho damping remains 
constant, irro.Hpeot.ivo of tho sotting of tho 
pntontiomotor. 

§(M) Ermw ov Tii ermokneotromoti vn Forces, 
—Tho magnitude of the I5.M.F. set up by mani¬ 
pulating any switch Is less Hum one 
miorovolt. 

Any RM.F.’s arising from manipu¬ 
lating I. and I', nrn added to tho 
buttery K.M.F, (2 volts) and will 
lio negligible. Tho effect of a 
tliermoeleotroinotivc force of magni¬ 
tude f due to moving contact If. 
will bo very small. 

deferring to Fig. 13 by KfrulillolT’s 
Ians tho ourrimt in the left-hand 
bnmoii, if ,1 is tho total battery 
current coining to the polentiomotor, is 

' h rt-l/f-f-7-1-5’ 
and In tho rlght-lmnd branch 

, I(«-|-7) ±j 

' 11 “ad ■flTy+8' 

Thoreforo, tho oluiugo in tlio 1U). botwcon tbe 
terminals (-Xarnl -X duo to -be will ho 

_± c(7 -j-5) 

a+P+y+S' 

Tho maximum vnhio of 7 and S is 14-12 ohms and tho 
vnluo of a -|-/f + 7 -|-3 is 1080 ohms, so 


therefore tlio error introduced is only 1 -3 por cent 
of <?. 


■Similar considerations show that tho error intro¬ 
duced by manipulating IV. and V. is only about 
1*2 per cent of c. These errors having been reduced 
to negligible amounts, the apparatus in said to be 
free from thcrmoclcctrnmotivo forces. 

It oan also ho shown that contact resistances of 
tlio brushes only produce negligible errors, Thus 
oontnol resistances at T, and T,' merely add on to 
tho total resistance in tlio battery oircuit, while such 
resistances in tho decades IV., IV"., V., and me 
obviously less important than in tlio ease of decades 
IT. and Ilf. Of tliCHO II. is tlio more important 
since it is tbn low-resistance arm f)i) oh am as com- 
pared with the other nrm !)!)() ohms. A good brush 
has a resistance of the order of 2 x 10” 1 ohm, and if 
(his resistance is assumed at II. tho current propor¬ 
tion in the two arms instead of being ,' 4 will ho 
i’u (1-1-2 x I0-«). Using Mm equation (1) above it can 
easily be shown Unit the error in the H.M.F. value 
is 2-2 x I0-«, or 6-022 of one step of tho smallestdial. 
Tho contact resistance in II. would huvo to be as 
great as -,-J w ohm to nmko a difference of 0110 step 
on tiie smallest dial. 

Nearly 120 resistances urn required in tlio con¬ 
struction of the ]K»Umliomolcr described above, and 
some of them require very ncmtmlo adjustment.. 
Thus (ho 1-ohm coils of decade 1, should bo norreot 
to one part in fi0,(K)() at tho very least. Tho coils 
F. and If. should not depart by more than ,.^- 1 ^, . 
for tl.o coils IF. and II f. n^no *« mnplo mid for 
the rest , 0 ' J6 . 

§ (lr>) DhbTjKCTION PoruimoM btkhs. —• A 
typo of instrument, which neon plus a position 
intermediate lmtwccn the null potentiometer 
cm tho one lmud mid the moving eoil deflection 
instrument on tho other hand, is the portahlo 
deflection potcnliomotor. 

In one of this class of instruments tho 
thermal 10.M.F. is balanced to tlm nearest 
two millivolts and the deflection of tho pointer 
observed. Tlio galvanometer has a contra! 
zero, and 10 scale divisions correspond to 
one millivolt. 

To maintain a constant sensitivity of the 
indicator for all potentiometer readings, it is 
necessary to hoop tho total resistaneo in the 
galvanometer circuit to a constant value. This 
is effected by arranging that the switch on 
tho millivolt studs also outs out from the 
galvanometer circuit a resistance equivalent 
to that added in the patonliomotor circuit. 
Referring back to Fig. [>, let j 

G lie tlio resistance of tho galvnnomo^or and 
that of a series resistance. 

T ho the resistance of tho thermeoloment. 

>• tho resistance in tlio jmtentinmotor oironit, 
noross which the thermal E.M.F. is 
balanced. 

Z + r is tho total resistaneo of tho main 
circuit of the pntontiomotor. 

Lot Ae lm tlio residual unbalanced E.M.F. 
of tho thermoelement which produces tho 
galvanometer deflection. Now, tlio deflection 
of tho galvanometer is proportional to tho 
ourront through it, and to, obtain tho mngni- 
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kjulo of tills current wo require the total rc- 
«JHtnn(io in the circuit P to Q. 

The resistance between tlio points P atul 
Q is that of the rcsiatunco r shunted by the 
main circuit of the potentiometer outside these 
points, viz. Z, 

lienee the oJTeetivo resistance is rZ/(r+Z); 
4,0 the deflection of the galvanometer is pro¬ 
portional to 

Ac 

{rZ/() : TZ)if+T + O' 

Ij'or the small E.M.Ii'. generated by the 
couple r is small compared with Z. Hence r in 
tli« denominator of rV,j(r -l- Z) may he neglected. 
»Sr> tho deduction is proportional t«c/{r + T + G). 
TTvun this it follows that to ohtain deflections 
proportional to e and independent of r it is 
nuoossary to diminish the resistance in series 
with the galvanometer by an amount r, and 
thin can ho automatically ofTcoted by a simple 
brush arrangement. 

Portable potentiometers are also made work- 
iny on tho “mill ” [irineiple, and with a sensitive 
pivoted galvanometer it is possible to read to 
within 10 microvolts. 

§ (1(1) llticoiumm Pyhomktkum.—I n innnu- 
fucd-iiring processes where it is desirable to 
koep a continuous record of the temperature 
«>f the furnace, if is oithor necessary to (ill 
up charts at periodic intervals, or arrange 
Unit tho instrument gives a permanent record, 
b'rmiuonfly when a recording indicator is in- 
Hlulled, a direct reading indicator is situated 
iitiai.' the furnace to aid the operator, both being 
connected to the same thermoelement. The 
fundamental feature necessary in such recorders 
in reliability, and this has only obtained after 
lengthy experiments, in which many practical 
(liflttmlties had to lie surmounted. The usual 
form of record desired is that in which tem¬ 
perature appears as one co-ordinate, and time 
an the other. Recorders may ho divided into 
two classes p tho one operating on the same 
principle as a dellcction galvanometer, and 
tlio other as a potentiometer. The second class 
of recorders, which belong to the category of 
“ mill ” instruments, are considerably more 
complicated Ilian the first, but they have the 
ini vantage that variations in the resistance of 
tho circuit are of no importance. 

S (17) Diwmmoton Jnhtkumknth. —It Ims 
not been found practicable to construct a re¬ 
cording millivoltmeter operating a pen in con- 
tiiul with the paper, as in the case of tho 
ordinary switchboard voltmeter, Tho forces 
iiro so much Hinallev that tho friction liotween 
pen and paper would introduce serious errors. 
Hoiuio tho usual prnofcico is to employ an 
arrangement which periodically depresses a 
pointin' into oonlnot with a ohnrt. 

(i.) Melhwh of marking the Ohnrt .—Tho 
ciai'licstfliioccssful moclianism was tho “ ohoppor 
bill',” wliieh is now widely used. In this record¬ 


ing arrangement the paper is unwound by 
clockwork at a uniform sliced from the roll. 
An inked ribbon lies on the metal table beneath 
the paper. At periodic intervals of 10 to 30 
seconds the chopper liar falls, pressing a point 
on the etui of the galvanometer boom into 
contact with the paper and against the ribbon 
and jilato underneath. This produces a small 
dot on tho under side of the thin paper which 
shows through. The record obtained is a 
series of dots. 

A modification of this device is shown in 
Fig. 14. In this an inked thread is stretched 
between the pointer and the paper. At 
periodic intervals the pointer is depressed and 
strikes tho thread against the paper, so pro¬ 
ducing a dot. Tho thread is slmvly carried 
around inked rollers, so ns to expose fresh 
portions to the pointer and to replenish the 
ink. 

Tho above recorders are usually operated 
by poworful clockwork mcchanis'm, but small 

Coll 



oleotrio motors aro also employed for this 
purposo. Tliin is a considerable) advantage 
when it is desired to work switches in a 
multiple unit installation with one recorder. 

Tho usual plan is to provide the motor with 
a centrifugal governor, which keops the speed 
constant within narrow limits. Tho motor 
tonils to rim too fast, this tendency being 
controlled by the governor, which, Hying out, 
doses a shunt circuit across tho armature. 

Power is transmitted from the motor to the 
recording mechanism through a reducing worm 
gear. 

A diagrammatic viow of a recording mech¬ 
anism in which a typewriter ribbon is employed 
instead of an inked thread is shown in Fig. 15, 

A shaft will bo observed carrying tho two 
cams, this shaft boing driven by tho governed 
motor. Tho loft-hand or front cam causes a 
light frame to bo intermittently lifted and 
then dropped upon the pointer, liolmv wliieh 
is a typewriter ribbon ; under the ribbon lies 
a fixed bar having a narrow straight edge, 
iiYor which the chart is non ti mum sly driven. 
Tho intersection of the pointer and straight 
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cdgo represents (ho point at which iiio mark 
in made. A swinging frame carries the ribbon 
bobbins, and tho ribbon ia fed intermittently 
from the left-hand to the right-hand bobbin 
at a very slow rato, so as to present always n 
fresh surface of ribbon for use. The swinging 
fra mo is actuated from the right-hand or near 
cam, and the ribbon feed is driven from a 
racket and worm wheel. The to-am)-fro 
movement of tho swinging frame sorves also 
anothor purpose, since when two records or 



more aro to bo made on one chart the type¬ 
writer ribbon lias two colours; in tho enso, 
for example, of tho two records a two-way 
switch is added to tho mechanism, so that 
wlum the switch is on ono couple the record 
is in black, and whon on tho other couple in 
rod. 

An al tor imt o arrangement for recording is 
to havo an inked roller at tho side of the 
ohnrt, and a mcohanicnl dovico which deflects 
tho pointer so that its tip strikes tho pad at 
intervals. It then swings batik and attains 
its equilibrium position over the scale, and 
tho chopper bar comes down in tho usual 
manner. Tho inked roller rotates slowly on 
ifn axis so as to expose a fresh surface to (he 
pointer. 

A totally different recording arrangement is 
employed in some instruments. With these 
tho pointer is not periodically depressed, hut 
swings free with its Lip close to tho record. At 
linlf-mimilo intervals an electric spark passes 
from the pointer to tho chart, puncturing tho 
paper. The record is a sories of holes with 
seared edges, which are easily seen. There is 
a tendency of the spark to jump at an angle, 
causing a slight error, which, however, is not 
sorioiiH. 

§ (18) ItEOOtlMNG PoTBNTIOMKTKn. — Tim 
first instrument to work on tho “ null prin¬ 
ciple " was tho Cnllendur Recorder. Tills was 
originally designed, about twenty-fivo years 
ago, for use with recording resistance thermo- 
motors, and in practically an automatic Wheat¬ 
stone's bridge, hut tho same mcohanienl devices 
will operate a recording potentiometer. A 
description of this recorder will ho found in 
tho section on Resistance Thermometry. In 
recent years the Leeds <fe Northrup Co. of 
Philadelphia have developed a potentiometer 


recorder which is used extensively in Aniorion. 
In this instrument a number of thermocouples 
can also he recorded on tho same chart, a 
print wheel being then used in place of a pen 
and tho couples switched in by an automatic 
commutator. Tho essential part of tho re¬ 
corder is tho meehaiiioal device for auto- 
mntioally moving tho slide-wire contact, and 
moving the pen across the chart ( Fig. Hi). 
Tho mechanism of this dovico may he briefly 
described ns follows : 

The essential point, of course, is that the 
deflection of a galvanometer results in a 
movement of tho slide-wire contact maker and 
pon without requiring the galvanometer to do 
any work. 

Tile disc A is mounted on a shaft and 
operates tho slide-wire contact by a cord 
wound on its cirouinferenne, visible in Fig. l(i. 
Tho power, supplied by a small continuously 
running electric motor, outers tho moolmnionl 
system through tho shaft IS carrying the 
largo cams C and tho small cams U and E. 
At cuoli revolution of the shaft B, tho cams 
C straighten out tho arm ]•’, which perchance 
has been tilted a momont before, anil in 
doing this rotates tho disc A, arm If being 
pressed at this time against the disc A by the 



spring G. Tho arm F is pivoted on the 
spring G, whioh is fast to tho framo of tho 
instrument. When tho cams 0 havo rotated 
until thoir longest radii are passing tho 
extensions of arm F, tho cam E begins to 
raiso G, lifting F away from the disc., When 
F is free the cam I) raises tlio rookor-artn If, 
which, in ease tho galvanometer is unbalanced, 
catches the pointer under ono of tho right- 
angle lovers J pivoted at K. Ono lcvor is 
thus made to swing tho arm F by pressing 
against ono of the eccentrically located lugs L. 
The rocker-arm II is then immediately lowered 
to allow the galvanometer to swing freely. 
Cam H is so shaped and fixed on the shaft B 
that it will recode from tho spring (4, allowing 
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0 to press F against tho disc just hoforo the 
cams 0 begin oneo more to straighten F, 

Tin’s mechanism, in its cj’elo of operations, 
moves the contact on the slide who whenever 
the potentiometer is out of balance with the 
thermocouple, and in ho doing opera tea to 
obtain or restore tile balance. The abaft B 
rotates once in about 2 seconds, which iH slow 
enough to allow the galvanometer time to 
como to rest or nearly bo. This design is 
such that tlio amount of rotation of the 
arm F increases with the extent of tlio 
galvanometer deflection, since cho pointer 
approaches the fulcrum of tlio levers J ns tlio 
deflection increases, Tlio motion of H is I 
adjusted so that tlio rotation of F will cor- , 
respond to a rebalancing stop of the pon, of 
$ inch (IS) mm.) when the deflection is a 
maximum, and decreases uniformly to about 
inch when the deflection is just sufficient 
to catch the boom under one of the right- 
angle lovers. This gives Hiifiiciont rapidity 
of the various actions to take the pen tho 
width of tho scale in somewhat less than 
1 minute. A record i« made once a minute on 
tho multiple-point recorders of standard design. 
Tho position of tho pen, when a balance has 
boon obtained just before each record, corre¬ 
sponds to a doiinito point on tho slide wire, 
for the pen is fixed to the slide-wire contact. 

Once during a revolution of tlio commutator, 
the thermocouple is disconnected and tlio 
standard-coll connection made. At tho same 
tinio the potentiometer slide wire is lot loose 
from its shaft ami the clutch engages a 
second resistance, Movomonts of the disc 
then result in changing the resistance of the 
battery circuit and tho ourront is tlniB sot to 
its proper value. Tho pen does not follow 
this adjustment and no record is made of 
variations in tlio ourront. With battories in 
fair condition, the current is easily maintained 
constant; but if them arises any doubt of 
this constancy, tho recorder may ho watched 
for a few mine tea and, when the standard-cell 
is made, tho first deflection of tlio galvanometer 
is an indication of the olinngo in tho ourront 
tiiuoo tho last adjustment. A short-oirmilting 
contact on tho slide wire carries tho pon to 
v.ovo on tho chart when tho battery has run 
down, thus providing ample warning imdot' 
most eirnumstancos. 

Tho scale of this recorder is uniform when 
graduated in millivolts, and departs from 
uniformity for a temperature graduation 
according to tlio temperature clootromotive 
forco relation of tlio thermocouple. Tho 
standard gnlvanoipotor is sufficiently sensitive 
to work satisfactorily with a full-scale range 
of 10 millivolts, whioh gives a very open 
scale, particularly for base-metal couples, 
whon inch (2-fi mm.) of scale corresponds 
to 2J° (.5. 


§ (10) Colo Junction Oorhkotiox. — For 
accurate work the cold junctions should ho 
maintained at 0° C. by inserting the junctions 
with the copper lends into two tubes standing 
in ice. 

The recent development of tho “alt steel ” 
Downr vacuum vessel is likely to remove ninny 
of the troubles encountered with varying cold 
junction temperatures. 

When theso vacuum vessels two employed 
the platinum-rhodium thermoelement is nindo 
with leads sufficiently long to reach from the 
couple down into the steel bottle and connec¬ 
tions mndo from this point by means of copper 
lends. In the vicinity of a hot furnace tho 
bottles will preserve crushed ice for periods 
up to twenty-four hours, but it is advisable 
to use, tubes of low thermal conductivity for 
protecting the junctions in tho ice, otherwise 
the heat conduction along tho tube melts it 
rapidly. 

If it is not feasible io liavo tlio cold junc¬ 
tion at 0° a correction must be applied, This 
cold junction correction in general is nol 
equal to the temperature of the cold junction, 
but depends on the temperatures of both hot 
and cold junctions, 

{«) If the temporatu rc of the cold jn no lion 
is determined by tlio aid of a mercury 
thermometer, then the li.M.F. correspond¬ 
ing to this temporatu re is to lie added 
directly to the observed K.M.If. of the hot 
junction. 

{b) With n pyrometer provided with a 
direct reading instrument this comeliou may 
ho accomplished meolmmeully by changing tlio 
'zero of tlio instrument so that when short- 
oirouitod it indicates tlio tompomturo of tlio 
cold junction. An nit ornate plan whioh in 
convenient when it is dosimhlo not to alter 
tho zero of tho indicator is to correct tho 
observed rending ns follows : 

Whon tho cold junction is at a tempera¬ 
ture) of (f n ) tlio true temperature may bo 
obtained by adding to tho observed (etnpora- 
turo (/,) tlio quantify obtained by multiplying 
tlio value of the tenipornturo of tho cold 
junction (/„) by a factor which is the ratio 
of tho slopes of tlio calibration curve (E.M.F. 
against temperature) at the origin and at the 
tompomturo (f t ); or putting it into symbols: 

Correction x / 0 . 

(c) Tho third method of fixing tho cold 
junction corrcotion is n graphical one. By 
moans of a series of curves biioIi ns those 
shown in Fiff. 17, tho correction may ho deter¬ 
mined by inspection. In tins diagram tho 
number of degrees to ha added to tho hot 
junction tompomturo aro plotted ns ordinates 
and the cold junction tempera loro as abscissae. 
In tlio diagram curves aro drawn for several 
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temperatures (imeorrcctcd) of the hot junction, 
between -100° ami 1700° 0. 

In industrial installations it is inconvenient 
to have to apply cold junction corrections or 
-to adjust the zero of the indicator, and a 
variety of devices have heon evolved to 



minimise tho trouble to variations of cold 
junction tomporaturo. 

It to now customary to removo tho cold 
junction from tho head of tho pyrometer, 
which may vary a hundred degrees or so if 
near tho furnace wall, to a distant point hy 
moans of oomponsatiug leads. 

§ (20) Compensating Leads. — For base- 
metal couples these lead wires nro of tho same 
materials ns those employed in tiro couple, 
small-stranded wires bolng used for flexibility. 
Thus tho cold junction is transferred to a 
point whero tho temperature is reasonably 
constant, and from this point copper wires load 
to tho indicator. Tho compensating wires 
may terminate in a cold junction box lilted 
with a thormostat, or may ho buried under¬ 
ground, At a depth of 10 feet beneath tho floor 
of a largo building, tho temperature remains 
constant to within 2° (J. throughout tho year ; 
usually this mean tomporaturo is about 12° C. 
for tcinporato climates, but may differ some¬ 
what in tho immediate vicinity of a largo 
fumacu. To apply this method of control, an 
iron pipe of tho proper length, closed at the 
bottom, is drivon into tho ground, and tho 
two cold junctions, well soldered and care¬ 
fully insulated, nro threaded to tho bottom of 
the pipn.ii) such mmmor ns to bo conveniently 
romovoblo when necessary. Tho top of tho 
pipo may ho plugged with asbestos or waste, 
and covered with pitch to keep water away 
from tho insulation. Tho soalo of tho indicator 
is sot to read tho mean tomporaturo of the 
bottom of tho tnbo. It is convenient to 
Iiavo an extra pair of compensating leads or 
nu extra thermocouple with its junction at 
tho bottom of tho pipo, to measure this 
tomporaturo occasionally. A disadvantage of 
tho buried pipo is that tho moisture or water 
may accumulate in tho pipo. When this 
doom's it generally gives riso to galvanic 


effects which result in greater error than those 
caused by changes of cold junction tempera¬ 
ture. So tho thermostat box arrangement is 
preferable when possible. 

Usually tho compensating loads of a bnsc- 
mctal couplo are marked, or are equipped with 
one-way terminals, so that they are easily 
connected properly to tho head of the couple. 
If reversed at the couple, the leads will cause 
an error double tho amount, of Iho compensa¬ 
tion. When compensating leads of a. baso- 
metal couple arc properly connected to the 
couple no deflection of the indicator is regis¬ 
tered hy heating the head of tho couple. 

Tho high cost of platinum prevents the use 
of compensating leads of that metal, hut in¬ 
expensive wires of copper and niekol-coppcr 
alloy aro now available for uso with tho 
platinum and platinum - rhodium couples. 
These lead wires do not compensate individu¬ 
ally, but taken together they compensate to 
within 0° C. for a variation of 200° O. at tho 
junction of tho couple and load wires. Roth 
terminals on the head of tho couple should bo 
kept ns nearly as possible at tho sumo torn- 
poratiire. Tho copper compensating load is 
connected to the platinum-rhodium wire of 
tho couplo, mid the copper-nickel wire is 
connected to the platinum wire of the couple, 
i.e. alloy wire to pure metal in each case. 
Tho cold junction is then located at tho 
indicator end of tho compensating loads; the 
tomporaturo at this end may ho controlled hy 
one of tho methods described. 

In the majority of cases tho compensating 
lends termimito in tho indicator box, and then 
it is merely necessary to correct for tho 
changes of temperature at tho indicator, which 
is usually favourably situated ns regards 
uniformity of tompomtiiro. 

§ (21) Automatic Compensation i-'oh Coup 
Junction Temphkatuknh ok Tjiiormoooi! it.es, 
—One simple method of automatically correct¬ 
ing for cold junction tomporaturo is that 
devised by Darling, in which tho control spring 
of tho moving coil is coupled to a compound 
atrip which ooila or uncoils when cooled or 
heated, thereby moving the pointer over the 
scale. 

Tho length of tho spiral is such that an 
alteration of a given number of degrees in its 
tomporaturo moves tho pointer tho same 
number of degrees on tho scale, or, in other 
words, tho temperature scale of the pyrometer 
is identical with that of tho spiral. 

Numorous other methods for automatically 
compensating for cold junction temperature 
changes of thermocouples iiavo been pro¬ 
posed and used in connection with millivolt- 
meters. One of the earliest was a bare re¬ 
sistance wire immersed in a column of mercury 
located near the cold junction of tho thermo¬ 
couple. An increase in tomporaturo near tho 
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wki junction resulted in a rise of the mercury 
column, which sliorfc• circuited more of the 
•esistftiicc wire, causing an increase in the 
Jotciitial difforeneo across the inillivoltmeter, 
liicI this compensated for the decreased electro- 
notivc force of the thermocouple. 

The method is open to the objection that 
•bo compensation is accurate at only one 
omporature of the hot junction, for tire voltage 
dmngo across the compensating resistance is 
- function not only of the compensating re- 
istanco, but also of the current passing through 
b. As the current changes with the hot 
unction tompomture, it is obvious that aeeu- 
ato compensation for cold junction tempera- 
uro can ho obtained only for one temperature 
f tho hot junction. 

_ Anotlior dovico operating on the samo prill- 
iplo consists of thin earbmi discs tigiitly 
■licked in a porcelain cylinder which 1ms a 
mall coollicient of expansion. These nro 
rossed together by a metal rod (zinc) possess- 
ig a largo coollicient of expansion. As the 
mnperature rises tho rod expands and in- 
roasos tho pressure between the carbon discs, 
bus decreasing the resistance. Tho device 
i connected in sorics with tho thermocouple 
ml indicator. This method of compensation 
offers from tho samo defect as the previous 
no in giving exact compensation at only one 
ob junction temperature. 

Fitj. 18 shows another scheme of automatic 
»bl junction compensation. Tho resistors «, 



Flo. 18. 


c, and d nro connected in tho form of a 
Uieatstono hridgo, ns shown, and placed near 
10 oold junction of tlio thorniooouplo. Thrco 
■iuh of this hridgo am mndo of resistances 
wing a zero tomporaturo coofliciont, suoh ns 
nnganin. The fourth arm is made of a metal 
wing a high tomporaturo coollicient, suoh ns 
olcel. Theso resistances are adjusted so that 
my hnvo eipial resistances at some referonco 
■mpemturo, such as 0° 0, The bridge con- 
quontly is balanced at this temperature, and 
i dilToroueo of potential duo to tho buttery 
a appears at the terminals c and /. If tho 
inperatum of the cold junction changes, tho 
distance of the nickel changes and throws 
i<3 hridgo out of balance. Tliis changes tho 
.M.F. across the terminals e and /, and if the 
■ils aro properly adjusted will oxaetly nou- 
aliso tho change in E.M.F. at tho cold 
notion of the thermocouple. TJio nickel ro- 
atnnco c is mndo low in comparison to tho 


total resistance in tho millivolt circuit, so that 
resistance changes of the nickel coil do not 
materially change tho total resistance in tho 
millivoltmcter circuit. Consecpientfy tho com¬ 
pensation is practically correct for all tempera¬ 
tures of flic hot junction, provided tho voltage 
at the terminals of the bridge is kept constant. 
Changes in the voltage of the battery can be 
corrected for by means of a rheostat in tho 
batlcry circuit. 

Tho value of the resistance is bo chosen 
that, tho scale starts at 0° or at any other 
desired temperature. 

§ (22) Standardisation of Tiikrsiouottpi.es. 
—For low temperature work up to 450° 0. 
the following fixed points are available for 
standardisation purposes : 


Substance. 

Itolllng Point of (he 
Organic Compound or 
Freezing l’oint of tho 
Mot-ill, ° 0. 

1. Steam .... 

2. Naptlmleno . . 

3. Aniline . . . 

4. Tin .... 
fi. Pcnzophcnone 

(1. Cadmium . . . 

7. bead .... 

8. '/Ana .... 

1). Sulphur . . . 

100° 

217° 0 fl +0-058 <p. -700) 
l&r-l 4-0-05 (p. -700) 

23i°-o 

305°-0 1 0-003 (p. -700) 
320°-0 
»27°-4 
-110"-4 

4-M°45 4 0-00 (p. -700) 


In this table p. Is Ibr pressure In mm. of mercury. 


When great accuracy is not desired, tho 
boiling-point of diphonylntnine (302° C.) may 
replaco that of bonzopliomme, which is costly 
and difficult to obtain pure. 

For tomporatures abovo 450° 0., tho refer¬ 
ence loinporaturcs nro freezing-points of metals 
or molting-poinls of salts. 

Most of tho commoner metals can bo melted 
in small gas-fired oruoiblo furnaces, the material 
of tho oruoiblo depomling on tho particular 
motal which is to bo molted. 

Tho value obtained for tho melting-point 
should ho in agreement with the freezing- 
point, and both should he independent of tho 
rate of heating and tho depth of immersion 
(within limits) of tho thermoelement. 

As a general rnlo, the end of tho sheath 
protecting tho thormoolomont should ho im¬ 
mersed to within about j-incli of tho bottom 
of the crucible. 

Tho chemical action of tho surrounding 
atmosphere on the heated motal is an im¬ 
portant factor, since tho solution of tho oxide 
or a gas in tho molten motal lowers its freezing- 
point quite considerably. 

For example, tho solution of cuprous oxide 
to form an outcotio (3-5 per cent of Cd a O) in 
coppor lowers the freezing-point by 20°, while 
tho absorption of oxygen by silver has a 
similar influence on its freezing-point. 
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(I.) Metals which require a Reducing Atmo¬ 
sphere. — Antimony, aluminium, silver, anti 
copper must bo molted in a reducing atmo¬ 
sphere. The thermoelement requires careful 
protection, and this can bo readily oft’ectod by 
moans of a glazed porcelain tube. In the case 
of antimony Day and Seaman recommend tho 
addition of a thin sheath of graphites over the 
porcelain. 

With aluminium it is necessary to protect 
the motal from the pyrometer sheath ns in 
the onso of antimony. 

When an oleotrio furnaco is employed for 
heating, it is possible to maintain an atmo¬ 
sphere of carbon monoxide inaiilo as a reducing 
agent. * 

The oiitootics of 

Aluminium copper . . 542° 

Aluminium iron . . . (149° 

Nickel carbon . . . 1330° 

are sometimes used for standardising purposes. 
Those should lie melted in a reducing atmo¬ 
sphere. It is ns well not to attempt to make 
up the alloy of outootio composition, as, just 
failing to do this, tho liqukliis would not ho 
distinguishable from the eutectic. By making 
tho alloy so as to contain a few per cent more 
of one of the metals than tho outeetio alloy, 
tho liquidus is easily distinguished from tho 
lower point, which is tho one required. 

(ii.) A!dais width require a Neutral Almo • 
sphere. —Tho metals nickel anti cobalt require 
a neutral or reducing atmosphere free from 
oarbon compounds. 

For niclcol freezing-point determinations, tho 
writer has found a refractory clay crucible 
satisfactory with fused borax ns flux to prevent 
oxidation. Tho thormoolemont should bo pro¬ 
tected by a hard porcelain sheath. 

It la advisable to heat tho orucihlo with a 
layor of borax glass in the bottom up past tho 
melting-point of nickel, then slowly pour in 
tho nickel in the form of shot. 

A largo-stood crucible of metal is desirable, 
and f;o diminish tho rate of fall of temperature, 
tho hknv-pipo should not bo turned completely 
off wlion the cooling curve is taken. 

Covering tho extorior surface of tho cruoiblo 
with a layer of carborundum powder, admixed 
with a percentage of fireclay, greatly increases 
its resintnuco to tho cutting notion of tho blast 
damn. 

Day and Bosnian, in their molting deter¬ 
minations, omployod an oleotrio furnaco with 
an atmosphere of hydrogen, which was re¬ 
placed liy nitrogon previous to inserting tho 
thormoolomont, sineo tho hydrogen would bo 
occluded by the platinum at high temperatures. 
Tho nickel was contained in an unglazed 
porcelain orucihlo lined with 90 per cont AlgO;, 
and 10 por cont MgO. 

'L’lioy found that, in talcing tho freezing- 


point of nickel, with oxide present, a fairly 
sharp halt was obtained 10° below freezing- 
point, which may represent the eutectic of 
nickel and nickel oxide. The break dis- 
appeared when the nitrogen was replaced by 
hydrogen for a few minutes. 

For cobalt, “pure magnesia” crucibles bad 
to bo employed, otherwise the motal would havo 
ponotrated through the lining and attacked tho 
porcolain benoath. 

Glazed marquardt or pure magnesia was 
used to protect tho thormoolemont, but it was 
found prnotically impossible to prevent some 
contamination of the thermocouple. 

Tho diflicultics in tho determination of tho 
freezing-points of nickel and cohalt aro very 
considerable, owing to tho high temperature 
required. 

(iii.) Metals which can he melted in A ir. —Tin, 
zinc, and gold require no special atmosphere, 
graphite crucibles should ho used and tho 
coui)lo protected by a hard paste porcelain 
tubo glazod. Tho oxides of tin and zlno are 
practically insoluble in their metals, so havo 
little if any effect on the freezing part of theso 
metals. 

But for its cost gold would ho an excellent 
fixed point to employ for standardisiug pur¬ 
poses, on account of its non-oxidisablo nature 
and purity. It lma, however, a tondoncy to 
volatilise. 

If moderate acourany is suniciont, tho wire 
method may ho used. In this mothod tho 
junction between tho couple wires is effected 
by a short length of gold wire, and the E.M.F. 
observed ns tho furnaco rises slowly in tem¬ 
perature. Tho break in the oirouit corresponds 
to the melting-point of the bridging metal. 

For tho standardisation of baso-motal couples 
in the vicinity of 800" 0., tho freezing-point of 
common salt is vory convenient. 

The salt is contained in a largo pot which 
is heated in a gas furnaco. 

Tho freezing-point of Nad 1 is 801° 0., while 
tho ordinary domestic material has a freezing- 
point from 1° to 3° lower. The salt is vory 
volalilo at theso tomporaturcs. 

Tho sulphates and carbonates of sodium 
and potassium aro not entirely satisfactory ns 
fixed points. Tlioy aro rapidly acted on by 
tho water vapour and reducing gases of tho 
furnaco. Fused sulphates aro slightly reduced 
to sulphides, and carbonates to hydrates, tho 
magnitude of tho ciuingo being dopondont on 
tho duration of tho heating. 

Jioycook and Novillo found that tho freozing- 
point of sodium carbonate became lower tho 
lqngor it was healed. Tho deterioration of 
tho salt could ho watched by looking into tho 
cruoiblo; the first two or three times tho salt 

1 Pure salt gunrnntecul to bo 00'OR per cent purity Is 
mnnufnelurod on a Inrun scnlo for dairy purposes by 
0. Moore & Co., Lynim, near Warrington, Cheshire. 
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was fund it remained quite transparent, hut 
uItin-wanls it became opaque, in consequence 
ni Home chemical change. 

1 hey found that the sulphates were more 
utablo, and no progressive change could ho 
observed in llio freezing-points, 

loi’ high tomporaturo salt-points platinum 
crucibles must be employed, with the thermo- 
<1<UI I , 1 ,! directly immersed in the salt, or if 
sheathed with glazed poreolnin, this should ho 
protected with a thin-walled platinum tube 
fitting it elosely. This procedure was em¬ 
ployed by Neville and Hoyeouk in their ro- 
HisLaiieo-therniomolor work. 

Niiico there is no metal freezing-point avail¬ 
able in the region between copper (1083° C.) 
and niekol (1452° 0.), attention has bcon 
directed towards the silicates to find somo 
with melting-points in this gap. Jaeger has 
suggested the melting-point of lithium silieato 
(1201° (!,) as a transition point for calibration 
purposes. The other two silicates, diopsido 
(111(11° C.) mid nnthorito (1540-5° C.), havo 
also boon proposed. 

The following mot-hod was omployed by 
White in the determination of the melting- 
points of silicates: 


About :i grams of the salt was contained in 
a platinum crucible, 10 mm, in diameter and 
1H mm. deep, which was suspended by n 
platinum sleeve from the upon end of a porce¬ 
lain tube (unglazed). 

The supporting bubo was surrounded with 
puro platinum foil, to prevent contamination of 
the Uiennoolwncnt by iridium vapour volatil¬ 
ised from tho boating coil of tlio furnaco. 

The thermocouple dipped directly into tho 
molten silieato. 

It was found that tho values of tho melting- 
point wore roproduoiblo to about 1°. Freezing- 
points could not bo determined, since tho fusocl 
silieates undor-cnolcd considerably, sometimes 
to a glass, in which ease of course no molting- 
point would be observed on rehoating. 

Tho writer lias found that tho niekol carbon 
ouMiolio (1380° (!.) is a very convenient stand¬ 
ardising point in tho region between copper 
and nickel, and it lias the practical advantage 
that the usual apparatus for motal freezing- 
points cun ho used. 

(iv.) Palladium ,—Tho melting-point of this 
metal (1(5-10° 0.) represents tho upper limit 
of tho gas thermometer at tho present time. 
Owing to the cost of tho motal tho molting- 
puiut ih generally obtained by tho wire method 
ns above described. Tho writer has omployed 
a vertical graphite furnaco with a linor-tubo of 
hnrd poreolnin. Tho oouplo was symmetrically 
placed in tho centre of tho furnaco, with a 
small connecting piceo of palladium between 
the junctions. 

It is also possible to carry out the saino 
experiment with a platinum-foil-wound fur¬ 


nace, provided with two boaters in cascade. 
Two. concentric tubes are used ; the miter 
boating element brings the temperature up to 
about 1350° 0., while the inner one takes it 
beyond 1550° 0. The space between the two 
heater tubes is packed with shrunk alumina. 
Alternating current is employed for heating to 
avoid trouble due to leakage. 

Lay and Sosman employed a oh urge of 
120 to 200 grams of the metal contained in a 
crucible of pure shrunk magnesia bound with 
magnesium chloride. The thermocouple was 
protected by a pure magnesia tube. The 
heating was effected in the internally wire- 
wound furnace. 

The extreme temperature involved imposed 
a severe strain on platinum-wound furnaces. 
Thoy found that the danger of contamination 
by the vapour of tho palladium was very 
considerable. 

(v.) Melting and Freezing Points of Salts .— 
The molting and freezing-points of salts present 
greater practical difficulties to accurate deter¬ 
mination than those of metnls at medium 
temperatures. 

The latent of fusion of most salts is small, 
and as tho solid salt is deposited on the 
pyromotor tubo, it forniR a poorly conducting 
layer, which renders the freezing-point less 
well defined than is the ease with metals. 

§ (23) Fohmiu.ai: von the Rkimikskntation 
ok TUB Tkmvehatuhk E.M.F. Relation, swr. 
—When a largo number of lottiporaliiro ob¬ 
servations havo to bo taken by means nf a 
thormoolomont, it is advisable to draw up a 
tablo on some snob scheme as that below, 
by moans of whioli tho observed E.M.F. may 
Fjo readily converted to temperatures. 

Tho first stop towards the construction of 
a table is to interpolate between tho fixed 
points by means of nn empirical equation. 

Exporlonco lias shown that certain classes 
of equations represent closely tho aotiml form of 
the ourvo characteristic] of tho thermoelement.™ 

For oxamplo, Adams found that tho rela¬ 
tionship 

E=74072<- 13892(1 - e-°M> 2 »»), 
whore IS is tho E.M.F. in microvolts, 
t „ temperature 0 C., 
c „ base of the natural logarithms, 
represented the temperature E.M.F. curve qf a 
batch of copper-constnntan correctly to u 
fraction of a microvolt over tho range 0° to 
350° G\, whilst above 350° tho equation 

E=92-20/ - 29770(1 - e-*®® 1 * 1 ) 

was applicable. It must bo remembered that 
tho couple deteriorates rapidly ahovo 300°. 

By a slight variation iti the numerical 
coefficients tho same equation could bo 
omployed for any other copper-constantan 
thormooloment, 
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measure I'I.M.I'Vh of the order of one hundred- 
millinnhh that of the heating circuit (>.c. 100 
vulls to 1 microvolt). 

^ (-0) Contamination Tests on Tiiermo- 
* ! oi) plkh. — -Despite nil till! caro taken in the use 
<>C platinum thermoelements at high tempera¬ 
tures, contamination troubles occur in the 
<nniise of time. Even if the couple is carefully 
protected from external influences by shenth- 
,,l K 'n glazed tubing it is impossible to elimi¬ 
nate completely an internal source of trouble, 
iiumoly, the volatilisation of rhodium or 
iridium from the alloy limb on to the pure 
platinum limb. 

It must bo remembered that rcealihration 

u suspected thormoooiiplo will not show 
whether the portion inserted in the furnuco 
in contaminated or not. Should the affected 
lc'iigth lie within the uniformly heated region, 
it is immaterial what the composition of tho 
wire may he. 

A variety of methods havo boon devised 
for detecting the contaminated region of a 
thermoelement, Tho simplest is to stretch 
the wire between supports, connect tho ends 
to <v galvanometer, and run a small Bunsen 
ilnme along beneath. In the contaminated 
region the galvanometer will show marked 
ilolloofion from the normal position. Each 
liinli of thermoelement should he tested 
Hopamtoly, 

There is no known method of restoring a 
ooiilaininaled couple to its original state, 
hiiiI the only solution is to out oil the 
ouiilaminated portions. 

ISase-motal thermocouples are particularly 
liable to develop heterogeneity after prolonged 
exposure to high temperatures, this boing 
iihi tally due to structural changes in tho alloy. 
When this occurs the readings obtained will 
depend upon the doptli of immersion if tho 
uffoolod part happens to lie in a region whore 
there are temperature gradients. Honco it is 
advisable to keep a cheek on tho pyrometers 
permanently installed by inserting a standard 
rumple into the furnace alongside it with tho 
lint jnnotions in close proximity. Observa¬ 
tions should lie taken at a scries of 
temperatures. If the conditions prevailing 
in tho furmico are fairly definite and tho 
heterogeneity ofToet small, consistent values 
tilimtld Ini obtained for the dilToronoo between 
the two couples. If, however, tho differences 
are of variable) magnitude and not reproduoiblo 
it would be advisable to discard tho suspected 
couple, 

ft is, of course, usoless to expect tho same 
amiuraoy in a tost of this character ns would 
lie obtained under laboratory conditions. 
Hut the data should prove tho noon racy of 
tho temperature observations. It is advisable 
to uhu as ohoek couple ono of small cross- 
uootlnn and protected by a thin tubo. It 


would then servo to show whether the depth 
of immersion of the working couple is 
suRiciont. When heavy iron protecting tubes 
are employed it may happen that tho 
conduction along tho tubo is so considerable 
as to keep tho temperature of the hot junction 
below that of the region in which it is placed. 

§ (20) The Installation of a Potentio¬ 
meter Outfit. — In tho installation of a 
potentiometer foe thermoelectric work two 
points require attention : 

(1) The. elimination of parasitic E.M.F.’s, 

(2) Tho prevention of leakage into the 

potentiometer circuit from neighbour¬ 
ing lighting or furnace circuits. 

Parasitic E.M.F.’s can ho largely eliminated 
by a suitable choice of metals for the resistance- 
ooils, binding-screws, and leads. 

Manganin has a comparatively small thermal 
E.M.F. against copper, and copper terminals 
arc now obtainable. All keys should lie pro¬ 
tected from temperature fluctuations, 

It is obvious that a leakage current must 
enter tho circuit nt ono point and ieavo at 
another, after passing through tho galvano¬ 
meter, if it is to produce errors in the 
observations. 

Leakage into tho potentiometer can bo 
detected by observing the deduction when tho 
thermoelement is short-circuited. 

When a thermocouple is used in connection 
with an electric furnace, the heating circuit 
should ho provided with a reversal switch, 
and tho deflection of tho galvanometer spot, 
on quickly changing over, noted from time to 
timo. 

It is a dillioult matter to provide an effective 
insulation of tho thermocouple from the high- 
voltage healing circuit of a furnneo at 
tomporalurcs exceeding M00° 0., sinoo tho 
ionised atmosphere oonduota slightly. 

White recommends a system of shielding, 
by whioh a good conductor is interposed at all 
points botwcon tho potentiometer system and 
tho sourco from which tho lcakngo occurs, 

For details of tho method of application 
of tho cquipotontia! shields, reforonoo should 
bo mado to tho original papers, a list of whioh 
is given in the bibliography. 

Good electrical insulation of tho apparatus 
■should bo tho first consideration when leakage 
troubles ocour. 

§ (27) Application op Thermoelements 
to the Measurement op Extremely Low 
Temperatures. —Tho use of thermoelements 
in practical work at low temperatures has 
boon studied by Onnes and Dewar. Onnos 
favours eonstantan and steel oil account of tho 
largo E.M.F. developed. Dewar found eupro- 
nioicel and gold to bo satisfactory down to 
liquid hydrogen temperatures. 

During tho courso of his work he observed 
some ourious ohanges after exposure of tho 
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couples to hnv temperature. .If (ho junction 
had boon soft-soldered the E.M.F. would not 
be reproducible after exposure to liquid 
hydrogen temperatures. 11 ai d-soldering was 
found to be quite satis factory. Ho found it 
advisable to cool the couple repeatedly to the 
lowest temperature before calibration in order 
to ensure that it bad settled to an equilibrium 
state. 

For low-temperature work the couples are 
generally calibrated by a direct comparison 
with a hydrogon or helium gas thermometer. 

A study of the curves in Fig. 10 shows that 
the thormneleotrio method lacks sensitivity at- 
low temperatures, and for any work requiring 
accurate measurements of tompernturo tho 
resistance method should lie employed, 

§ (28) Will I NO THU TirURMOKI.KMKNTS TO 
’rim .Indicator, (i.) Wiring and Switches.— 
Tho wiring of a thermocouple installation 
demands more care than is usually bestowed 
oil ordinary lighting installations. 

.Indicators, especially of tho low resistance 
typo, uro calibrated fora definite lead resistance 
and tho size of wire for tho connections should 
1m clmson with this faot in mind, Tho switches 
should be solooted to have a low thormoolcotrio 
olfoef) at' tho contaots and also low contact 
resistance, 

Tho situation of tho loads should bo chosen 
so as to avoid localities subjeot to largo 
(luoluations of tompernturo, such as tho vicinity 
of furnaces, oto., othorwiso the tomporaturo 
anoJHaiont of resistance of tho leads, especially 
i£ of ooppt>r, may introduce appreciable errors. 
In order to obtain mechanical protection it 
is advisablo to enclosn the lends In motal 
conduits. Thcso conduits should ho “ earthed ” 
so us to iirevent leakages from tho ])owor 
circuits in tho vicinity affecting tho sensitive 
indicators of tho thormoeleotrio installation. 

Tho use of tlio common return fora mnltiplo 
olomont installation is not to ho recommended, 
as it is a frequent souroo of trouble duo to 
leakages. It is impossible to inmilnto Imsc- 
molal thormocoujiles at high lomporaturos 
from tho ironwork of the furnneo, and fre¬ 
quently tho hot junction is actually Avoided , 
to tho end of its iron protecting tubo in order 
to reduce thermal lag. The eonsoquoneo of 
this is that when the lubes arc in contact With 
tlio casing ef tho furnace tho limb of tho olomont 
which is attached to the common load is 
Bhimtod. by ft differential couplo composed of 
tho corresponding limb of the other couple 
and the ironwork. This shunt offoots the 
readings of both thermocouples whonovor the 
temperatures of tlio hot junctions differ. 

(ii.) Use of a “ Common ” Cold Junction .— 
When a number of couplos are read on tho 
saino motor it is inconvoniont to bury each 
cold junction, so tlio praolioo is frequently 
followed of employing a “ common ” cold end 


for the installation. In this ease one couple 
extension circuit is run into the well, as shown 
in Fig. 20. All the thermocouple extensions 
terminate at one point called a “ junction box,” 
ensuring tho same tomporaturo to all con- 
neotions within. The couples aro connected 
by compensating leads to tho junction box, 
and leads of the same alloy also connect tho 
junction box to tho well. 'Tho connections 
from tlio junction box through tlio multi¬ 
point switch to the indicator aro made of 
copper. 

(iii.) Indicator and Recorder .—It is some¬ 
times desirable to have an indicator situated 
in tho neighbourhood of tho furnaeo and a 
reoordcr connected in parallel situated in an 
offico. 

In such installations duo regard must he 
given to tho fact that tlio recorder is a shunt 
ncross tho indicator. If the indicator or tho 
recorder has been calibrated to road corrcotly 
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when alone connected to the couplo, then 
when the other is added both instruments will 
road low. On tlio other hand, if tho two 
instruments are calibrated to road correctly 
in parallel they will both read high when 
conncotod to different couples in a multiple 
installation with commutating switches. 

Consequently, tho practico of installing in¬ 
dicators and recorders in parallel can only bo 
safely adopted when tlio instruments are of 
tho liigli-resistaneo typo. 

§ (20) Notks on Difkerhntiai, Ooupt.ks.— 
When small differences of tomporaturo have to 
bo measured, a battery of thermoelements 
may bo employed and conncotod togothor in 
sories. 

When tlio battery is Composed of a largo 
number of elements, it may ooiivonienlly ho 
divided into two equal groups of couples. 
Thou, by connecting tho two groups in opposi¬ 
tion and inserting one end of each in ico, 
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wJiito tho ollior in at room temperature, tlie 
Ji.M.P. should ho zero, provided tlio two 
groups are exactly symmetrical and there arc 
no internal short circuits or leaks. 

Generally in differential work tho battery 
of thermoelements 1ms to ho nmdo as com¬ 
pactly os possiblo and with tho minimum of 
insulation consistent with safety. Tho copper 
wii'o, owing to its greater specific conductivity, 
may bo of less diameter than tho eonstantan 
wire without loss of sensitivity, a combina¬ 
tion of O' 15 mm. diameter copper wire with 
0-2f) mm. diameter eonstantan being quite 
satisfactory. The junctions should he soldorcd 
with silver solder, using a little anhydrous 
borax ns flux. This operation is facilitated 
by using a minute gas-jet rather than nn 
ordinary blow-pipe, 

Insulation of tho bared parts is effected l>y 
repeatedly dipping into a solution of celluloid 
in aootono (freed from water); this coating 
is suitable for work at room temperatures. 

Tho following method of insulating by moans 
of hard rubber has boon recommended by 
Adams : Enough proclpitntod sulphur, or still 
hotter, insoluble sulphur, is stirred with rather 
thick rubber content (pure gum rubbor dis¬ 
solved in l)on*ono or (JO,) to equal 20 to 25 
por cent of tho solid rubbor, Tho junctions 
are dippod in tho mixture, and after drying 
in the air are maintained ut a temperature of 
140° 0. for fifteen hours. 

[Tho writer desires to acknowledge his in¬ 
debtedness to Messrs. Charles Griffin for per¬ 
mission to utilise in tho preparation of tho 
articles on pyromotry somo of tho material con¬ 
tained in Methods of Measuring Temperature,.] 
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pound of water through ono degree Fahren¬ 
heit on the thermometer lio employed, at a 
particular part of the scale. 

Many later ami more exact determinations 
"Were made by Joule himself and by other 
observers, using various methods of experi¬ 
ment. They agree in showing that Joule's 
original figure was rather low. The general 
result is to fix 1400 as the number of foot¬ 
pounds (in the latitude of Loudon) that aro 
equivalent to one mean pound-calory. Tho 
corresponding valuo of tho mcuhnnicnl equiva¬ 
lent of tho “ British Thermal Unit ” is 777-8 
foot-pounds, and that of the grammo-calory 
in 42(i-7 grum-motres. In absolute (C.G.S.) 
units the grain mo-calory is equivalent to 
4-1808 Joules or 4-18(18 x 10 7 ergs, tho Joule 
being 10 7 ergs. 

The meohanieal equivalent of boat on tors 
into many of tho formulas of thormodymitnies, 
It is often called Joule’s Equivalent, and 
i« generally represented by the symbol J. 
'The symbol A is used for tho reciprocal of 
■Ibido's equivalent, or 1/J. 

§ (4) HoaucS Ol' THMI*KHATiriU3. — In the 
construction of an ordinary thermometer a 
line tube of uniform boro is chosen, and a 
lin I It is formed on it to contain the mercury 
m- other liquid 'whose expansion is lo lie used 
an an indication of temperature. When it 
Ih filled the two fixed points aro determined 
by placing the instrument {«) in melting ice, 
ami {!>) in tlm steam coming from water boiling 
under a pressure of ono atmosphere. Tho 
position taken by tho end of Urn column of 
liquid in tho tulio is marked for each of theso 
two points. Tho distance betwoon thorn is 
Llum divided into equal purls which aro 
called degrees, 100 parts for tho Conligrado 
hoiiIo and 180 for the Fahrenheit scale. By 
this construction equal steps in lompomturo 
aro defined by equal amounts of expansion 
•oil the part of the selected liquid, or rather 
by equal amounts of difference betwoon tho 
expansion of tho liquid itself and that of tho 
j'lnss in which it is contained, for it is tho 
dili'eroneo of expansion that determines tho 
rise of tlm column in tho tube. This common 
method of measuring temperature gives results 
that vary for different liquids and for different 
Hurts of glass. Each of two moroury thermo¬ 
meters, for example, may havo tho fixed points 
oorreclly marked, and bo of uniform boro, 
and yet if they am mudo of different sorts of 
glass they may give readings that differ by 
as much ns half a degree at tho middle of tho 
range between tho fixed points, and may show 
Bi-ill more serious discrepancies when they aro 
applied to measure higher temperatures. This 
illustrates the fact that tho monsuromont of 
temperature by an ordinary thermometer gives 
an arbitrary scalo, which cannot oven bo relied 
on to bo tho same in different instruments. 


Measurements nf temperature are much 
less capricious if wo select for tho expanding 
substance any one of the so-called permanent 
gases such as air, or nitrogen, or hydrogen, 
taking care to keep the pressure of the gas 
constant while it is employed to measure 
temperature by its changes of volume. Such 
nn instrument is called n cons taut-pressure 
gas thermometer. It would be inconvenient 
for ordinary use; but it serves to supply n 
scale with which the readings of an ordinary 
thermometer can be compared. Thus tho 
readings of any thermometer can ho corrected 
to bring them into agreement with the scale 
of a gas thermometer if that scale be adopted 
ns tho standard scale in stating temperatures. 

Experiments on the expansion of various 
gases by heat iiavo shown that all gases 
which aro far from the conditions that would 
cause liquefaction expand very nearly alike. 
Tf wo compare nn air thermometer witli a 
nitrogen or a hydrogen tliornmmotor wo 
get practically the same scale except at 
extremely low temperatures such ns those at 
which tiie gas is approaching tho liquid stato. 
Oases expand by almost exactly the uanio 
amount between the two fixed points, and at 
intermediate points, or at points beyond tho 
range, their agreement with one another is 
almost perfect. Hence the scale of tho gas 
thorniomoter is much to ho preferred to that 
of any mercury thermometer as a moans of 
stating tomperaturo. But there is another 
and oven stronger reason for this preference. 
Wo shall see later that it is possible to imagine 
a scale of temperature, based on general 
thermodynamic principles, which does nob 
depend on tho properties of any particular 
substance: that scale is called tho thermo¬ 
dynamic scale of temperature, and much use 
is made of it in thermodynamic reasoning. 
Tho scab of a gas thorniomoter is practically 
idontical with tho thermodynamic senlo. 
This is tmo whether wo use a constant- 
pressure gas thermometer, or wlmt is called 
a constant-volume gas thermometer, in which 
increments of tempornturo aro measured by 
tho increments of pressure that are required 
to keep tho volume of the gas oonstant whilo 
it is heated. 

Experiment shows that the amount by which 
air or hydrogen or any other so-called per¬ 
manent gas expands between the two fixed 
points is about 100/273 of tho volume at the 
lower fixed point, care being taken that the 
pressure does not change, Hence, if wo 
adopt tho scale of tho gas thermometer as 
our scalo of tomperaturo, and use Oontigrado 
divisions, tiiis result may bo expressed by 
saying that when 273 cubic indies of gas at 
0° C. are heated under constant pressure to 
1° C. tho volume alters to 274 cubic inches. 
When tho gas is heated to 2° C. its volume 
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<lynami 0 H. Theno relations will ho considered 
m h Idler pari; of this article. 

1 1 » general tho working substance is a fluid, 
»«(■ it, is easy to imagine a heat-engine whose 
working substance is a solid body, say a long 
r ‘ Kl of Arranged to act as tho pawl 

t ‘ l: n ratchet-wheel with closely pitched teeth, 
-■-ob tlm rod bo heated so that it lengthens 
Hjilliciently to drive the wheel forward through 
tho aj’aito of one tooth. Then let the rod bo 
«<'M>lod, say by applying cold water, the 
vn toliet-wheel being meanwhile lield from 
vo(.liming by a detent. Tho rod on cooling 
will retract so as to engage itself with the next 
HiHieeoding tooth, which may then ho driven 
forward by heating the rod again, and so on. 
1 ° H(! « that anoh an ongino could do work 
wo have only to supposo that the ratchet- 
wlMHil carries round with it a drain by which 
a weight is wound up. Tho dovico forms a 
omnplofo heut-ongino, in whieh the working 
mu bstance is a solid rod, doing work in this case 
not through ohnngcs of volume but through 
csImages of length. Whilo its length is in- 
<i rousing it is exerting force in the direction 
of its length. It receives heat by being 
brought into contact with some sourco of 
lioftt at a comparatively high teinporatnro; 
it transforms a small part of this heat into 
Work; and it rejects the remainder to what 
wo may call a receiver of heat, which is kept 
at a comparatively low tomporaturo. Tho 
Krouter part of the boat may be said simply 
to puss through the engine, from tho sourco to 
tho receiver, becoming degraded as regards 
temperature, in the. process . '[.'his is typical 
of the action of all hcat-onginos: they oon- 
vort some boat into work only by lotting 
cUvwn a much larger quantity of boat from a 
hi^li tomporaturo to a relatively low tompem- 
tum Tho engine wo have just imagined 
wi mid not ho at all efficient in tho thormo- 
dynamic sonso; tho fraction of tho heat 
Hii|iplied to it Avhieh it could convorb into 
work would ho very small. Much groator 
ofliuioncy can lie obtained by using a fluid for 
working substance and by making it act so 
that its own expansion of volume not only 
dons work hut also causes it to fall in tomporn- 
turo before it begins to rojeot heat to tho oold 
roctnivur. 

§ (H) CJYOr.H OK OPERATIONS OK TJIE WoRIC- 
I:n< i fiuiiSTANOiO.—-In tho notion of many 
boat-engines and refrigerating machines the 
working mihstanoo returns periodically to 
tdu> same state of tomporaturo, pressure, 
volume, and physical condition. Each time 
Chin has occurred tho substance is said to 
have pAHoed through a comploto oyolo of 
ojiorfttions. Eor example, in a condensing 
jstonm-ongino water taken from tho hot-well 
ia jlumped into tho boiler; it then passes 
into tho cylinder as steam, then from tho 


cylinder into tho condenser, and finally from 
the condenser back to the hot-well; it com¬ 
pletes the cycle by returning to the snmo 
condition in all respects as at first, and is 
ready to go through the cycle again. 

In tho theory of heat-engines it is convenient 
to consider tho cyclo of operations as a whole, 
If the cycle is complete wo know that whatever 
quantity of heat or other energy the substance 
contains within itself is equal to the quantity 
that was there to begin with, for the state of 
tho substanco is tho same in all respects, and 
consequently any work that it has done must 
have boon done at tho expense of heat which 
it has taken in during the cycle. We can 
at once apply tho principle of tho Conservation 
of Energy and say that for the cyclic process 
as a whole the work done must be equivalent 
to tho difference between the heat taken in 
and the heat discharged. 

§ (9) The Fuist Law of Thermodynamics. 

-—'I'ho principle of tho Conservation of Energy- 
in relation to heat and work may ho expressed 
in tho following statement, which constitutes 
tho First Law of Thermodynamics. Whon 
work is dono by the expenditure of heat a 
definite quantity of heat goes out of existence 
for ovory unit of work done ; and, conversely, 
when heat is produced by the expenditure of 
work tho same definite quantity of heat 
comes into existence for every unit of work 
spent. Tho word “ work " is to he understood 
hero in a comprehensive sense: it includes 
electrical work as well us ivork done against 
a mechanism or in raising weights. Electrical 
work may bo done directly by the expendi¬ 
ture of heat in a thonnooloctric circuit, which 
is a true heat-engino though it acts without 
exhibiting any mechanical movement, 

§ (10) Internal Energy. —No means exist 
by which tho whole stock of energy that a 
substanco contains can bo measured. But 
wo are concerned only Avitli changes in that 
stock, changes Avhioh may ai-isc from tho 
snhstanco taking in or giving out heat, or 
doing Avork, or having work spent upon it. 
If a substance takes in heat without doing 
work, its stock of internal energy increases 
by an amount equal to tho boat taken in. 
If it does work without taking in heat, it does 
tho work at the exponso of its stock of internal 
energy, and tho stock is diminished by an 
amount equal to the Avork done. In all cases, 
when boat is boing taken in and tho substanco 
is at the same time doing work, ire have 

Heat takon in—Thermal cqnh r alcnt of work 

dono + Increase of Intomnl Energy. 

For any infinitesimally small stop in tho 
process, this equation may bo written in tho 
form 

iQ=AdW + <n3, . . . (1) 

Avhoro dQ is tho heat taken in during tho 
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through a lover that gives the movements of 
the indicator piston a convenient magnifica¬ 
tion, A sheet of paper on which the pencil 
marks its movements is caused to move through 
distances proportional to the motion of the 
engine piston, and at right angles to the path 
of the pencil. Thus a diagram is drawn liko 
that of Fig. 2, exhibiting a closed curvo 
for eaeli double stroke of the engine piston, 
and with co-ordinates which represent the 
changes of pu'cssure and changes of volume. 
The enclosed aim, when interpreted by refer¬ 
ence! to the appropriate scales of pressure 
and volume, in ensures the net amount of 
work done in tho engine cylinder during the 
double stroke, so far as one side of the piston 
is concerned. If tho engine is double-acting—• 
that is to say, if the working substanco nets 
successively on the two sides of tho engine 
piston during successive strokes—a similar 
indicator diagram is taken for tho other end 
of tho cylinder as well. 

In somo modem indicators tho motion 
which measures the variation of . pressure 
causes a small mirror to bo tilted, from which 
a beam of light is reflected on to a photo¬ 
graphic plate carried in a frame which copies 
tho motion of the engine piston. This optical 
method of magnifying and recording tho 
motion has the advantage of avoiding the iso 
errors which in mechanical indicators arise 
from the inertia of tho magnifying lover and 
from the friction of the pencil point. 

§(12) INTBIIN AI. Wn I4IUJY OK a Gas : Joulh’s 
Law.— Tho Inlornal Energy of a given fjiinn- 
tity of a gas depends only on tho tompevuUiro. 

This is an inforonoc from tho fact established 
by experiments of Joule, that when a gas 
expands without doing external work and 
without Inking in or giving out heat, and there¬ 
fore without changing its stock of internal 
energy, its temperature does not change. 

Joule’s Law is to ho regarded as strictly 
true only of imaginary porfcob gases: in 
any actual gun there is a slight departure 
from it, which is very small indeed in a nearly 
perfect gas such as hydmgom Tho law was 
originally established liy means of an experi¬ 
ment in which Joule connected a vessel A 
(Fig. 11) containing compressed gas with 
another vessel B which was empty, by moans 
of a pipe with a closed stop-cock C. Both 
vessels were immersed in a bath of water nml 
were allowed to assume a uniform temperature. 
Then the stop-cook was opened, and tho gas 
distributed itself between tho two vessels, 
expanding without doing external work. 
After this tho tomporaturo of tho water in 
tho bath was found to have undergone no 
appreciable ohnngo. Tho temperature of tho 
gas appeared unaltered, and no heat had been 
taken in or given out ky it, and no work had 
been done by it. Since tho gas had neither 


gained nor lost heat, and had dono no work, 
its internal energy was tho same at tho end 
as at the beginning of the experiment. Tho 
pressure and volume had changed, but the 
temperature had not. The conclusion follows 
that the internal energy of a given quantity 
of gas depends only on its temperature, and 
not upon iis pressure or volume; in other 
words, a change of pressure and volume not 
associated with a change of tempo ratine docs 
not alter the internal energy, lienee in any 
change of temperature the clinngo of internal 
enepgy is independent of the relation of pressure 
to volume during the operation : it depends 
only on the amount by which the temperature 
has been changed. 

It is new, however, known that a very slight 
change of temperature docs in fact take place 
when a real gas expands without doing work. 
In lutor experiments by Joule and W. Thomson 
(Lord Kelvin) a more delicate method was 
adopted of detecting whether thoro ia any 



change of internal energy when the pressure 
and volume change under conditions such that 
external work iH not dono. Tho gas was 
forced to pass through a porous plug by 
maintaining a constant high pressure on ono 
side of tho plug and ft constant low pressure 
on tho other. Caro was taken to prevent 
any heat being gained or lost by conduction 
from outside. In this operation work was 
dono upon tho gas in forcing it up to the plug, 
and work was done by it when it passed tho 
plug, by displacing gas under the lower pressure 
on tho side beyond tire plug. If no change of 
temperature took place, and if tho gna con¬ 
formed to Boyle’s Law, Ihcao two quantities 
of work would ho oxaotly equal, and conse¬ 
quently no oxtornal work would ho dono on 
tho wliolo. For lot I\ ho the pressure and Vj 
tho velumo hoforo passing tho plug, and P 3 
the pressure and V a the volume after passing 
tho plug, tho volumes being in both cases 
staled per unit quantity of the gas, Then 
tho work dono upon' the gas ns it approaches 
the plug is I'jV], and tho work dono by it ns 
it loaves tho plug is P a V 3 . If the tomporaturo 
is tho same on both sides these quantities 
nro equal in a gas for winch TV is constant 
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at any ono tompemturo. Thus a gas which 
is " perfect ” in t-ho sense that ifc conforms 
strictly lioth to Hoyle’s Law and to Joule’s 
would in its passage of tho plug liuvo expanded 
without (on tho whole) lining any work, and 
therefore without changing its internal energy, 
no lieab being gained or lost. In snob a gns 
no change of tempomture should accordingly 
he found, as it passes tho plug, and if a change 
of temperature is observed in any real gas 
it is duo to the fact that real gases are not 
strictly “ perfect.” 

In tho experiments of Joulo and Thomson 
small changes of tempcraluro wnro in fact 
detected and measured in air and other real 
gases, on passing the porous ping. This 
Joule-Thomson effect, ns it is called, is in 
general a cooling. Observations of tho Joulc- 
ThoniHon effect nro of great vaiuo in deter¬ 
mining exactly, the properties of- gases and 
vapours which are not perfect; niul certain 
practical methods of liquefying gases under 
extromo cold depend upon tho existence of 
this effect. 

In tho imaginary perfect gas, howover, tho 
Joule-Thomson effect is entirely absent. 
Thoro is ho cliango of tompemturo in passing 
fcho plug, and there is also no change of 
internal cnorgy, for no work is dono and (by 
assumption) no heat is taken in or given 
out. 

It is important to nolico that wo nssumo 
tho imaginary perfect gas to satisfy two 
conditions : it obeys Hoyle's Law oxactly and 
also Joule’s Law exactly. Those character¬ 
istics aro independent of one another: it 
would bo possible to liavo a gas satisfy ono 
and nob tho otlior, but a gns is said to bo 
perfect in tho thermodynamic kouho only 
when it satisfies both, mid in that case certain 
otlior properties follow which will now bo 
pointed out. 

s (j;j) tSrioflir'lo Hkat.h.—T ho Specific Heat 
of any substance moans tho amount of heat 
required per dogreo to rniso tho tomporaturo 
of unit quantity of tho substaneo, under any 
assumed mode of heating. Thus when a 
substance is heated through a small interval 
of tompemturo dT the heat taken in (per 
unit quantity) is KdT, whero K is tho specific 
heat for tho particular conditions and mode 
of heating. In dealing with gases or otlior 
fluids two important inodes of heating must 
be distinguished: wo may heat them under 
conditions of constant prossuro or of constant 
volume. Wo shall uso tho symbol JC,, to 
represent specific heat at constant prossuro, 
and K„ to represent specific heat at constant 
vo hi mo, 

Suppose any fluid to bo healed through 

. 11 interval of tompemturo dT. If the 

volume, tho hoot 
' 't goes to incronso 


tho stock of iutornal energy. Hence in heating 
at constant volumo the increase of internal 
energy dE — K,,dT. If I ho heating is at 
constant pressure I‘, through tho same interval 
of temperature, tho heat taken in is K ; ,rfT. 
Only part of this heat goes to increase the 
stock of internal energy, for part of it is used 
in doing oxtemnl work, since, to keep tho 
pressure constant, tho fluid has to expand 
through some amount dV. Tho oxtcrnul work 
done is IV/V and its thermal equivalent is 
APdV. Heneo in heating nt constant pressure 
tho incrcnso of internal energy is given by 
tf IS = K,,dT - AIVV. 

Apply these results to a perfect. gas, By 
Joulo’s Law tho internal energy of a perfect 
gns depends only on the temperature, and 
thoroforo (IK is the same in both modes of 
heating. Vnrlhor, since in sueli a gns PV--RT, 
PdV = RdT when P is constant. Heneo in 
n perfect gns 

K, dT=K,,dT - ARdT 
or K„=K,, - AR. 

Thus for a perfect gas wo luivo tho important 
relation between (lie two specific boats 

K,,-K,.=:AR, . . . (2) 

which follows from tlio Laws of Hoylo and of 
Joule. 

It follows also that in a perfect gas both 
tho specific heats are constant if ono of them 
is constant, To ho constant tho specific heat 
has to ho independent both of the prossuro 
and of tho tomporaturo. By .Joule’s Law tho 
change of intomnl energy in a perfect gas 
for a given cliango of tompornluro, is tho samo 
whatovor ho tho pressure: honoo in such a 
gas tho specific boats are the sumo at all press¬ 
ures. Thoro is, however, nothing in tho Laws 
of Hoylo or of Joulo to determine whothor tho 
specific heals aro tho samo at nil temperatures. 
Experiment hIiowh that in some gases thoro is 
much variation of Hpeoifio hunt with tempera¬ 
ture (although the gas may bo nearly perfect) 
mid in others there is practically none. For 
tho purposo of thormodynamio reasoning * it 
is very useful to think of n gas which is 
not only perfect in tho senso of conforming 
oxaotly to tho Laws of Hoylo and of Joulo 
but also has constant apeeilio hunts. Such 
an imaginary gas forniH a convoniont sonA'old- 
ing by tho help of which wo may most easily 
build up tho theory of thermodynamics, hut 
it is nothing more than a convoniont sealfold¬ 
ing, which 1ms nothing to do with tho stability 
of tho eomploted work. In what follows wo 
shall make this temporary uso of ail ideal 
gns, ns tho supposed working substaneo of an 
ideal heat-engine, in order to arrive nt con¬ 
clusions which, as will bo shown, Jiavo a quite 
gonoral application. 
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§ (14) Ri'ivmt.sA ctfokh.—T he next stop 

li> consider particular modes in which a 
vv< irking substance may ho expanded or onm- 
l>i‘tmsod and may lake, in or givo out (mat, ami 
H-ii (ho outset it is im]iorfan(. to distinguish 
1 »<ii,\veon notions that are rc.vr.rnibln ami those 
1 *it are imuirmiblr.. 

-An expansion nr compression is roverHiblo 
■f it ia carried out in such a nniimor that. the 
* *poration can lie reversed, with the roHiilt 
t'liait (lie substance will pass hac.k through 
all the stages through which it Ims passed 
(lining the expansion or compression and lie 
i n the same condition in all respects at each 
( a i rrospouding stage in lioth processes. 

This implies that the suhstanco must 

(mud smoothly, without sotting up any 
motions within itself of a kind such that 
tlieir kinetic energy is frittered down inl-o 
licnili through internal friction. The whirls 
urn I eddies which occur in the cylindor of an 
online are irreversible, and in ideal rovers* 
il>lu expansion we must suppose them a I went. 
1 tovnrsihle expansion implies that there are 
rm losses of mechanical ell'cet from any sort 
«>f internal fl'ioliim. It excludes throttling, 
uii nh an oiiinim when a Hiilistiuiee expands 
Mi l ough a valve or other constricted opening 
ill In a region of lower pressure where the 
It i nol le energy of the ntreiviu and eddies is 
c IiHsipaied. In sueli eases the motion of the 
Hl-renm and eddies eimnot lie reveraed. To 
fj'oli the aulistaiiee hack to the region of higher 
pressure would reipdre an expenditure of 
mom work than was done by the siihstanee 
<luring its expansion, and if we were to force 
id, hack we should line] it had gained hunt 
Mi rough the suiisidenoo of the internal oil dying 
motions, though no heat lmd come in from 
outside. 

A transfer of heat to or from any suhstanco 
in reversihle only if the suliHfunoo in at the 
ravine temperature as the body from which 
if. is taking heat or to which it is giving heat. 
*->i i jipose, for instance, that a suhstanco in 
tivlang in heat from a hot source and is expand- 
in*.; as it does so. The expansion may he 
rove mi hie in itself, that is to say, it may 
Involve no internal friction, hut unless the 
tiunpumturn of the siihstanee ho tho same 
ilh that of tho source, the operation nn a 
ivliolo (lonsidered in its relation to the soureo 

. cannot he reversed. Hi) considered it is 

rovomihln only when the further condition is 
f ii Hilled that, eompression of tho substance 
■will reverse the transfer of heat, giving book 
fii» the source the heat that was taken from 
it. Any thermal contact between bodies at 
«I i (Torout tomporalim’N involves an irreversible 
transfer of heat. 

Tim expansions mid compressions and tho 
transfers of heat that occur in a real engine 
tt.ro never strictly reversible, some of them 


indeed are far from being reversible. But 
the study of an ideal engine, in which nil the 
operations tiro reversible, is of fundamental 
importance in tho science of thermodynamics, 
and it furnishes a basis for the critical analysis 
of actions in a real engine, 

§ (Ifi) AniAiuTio iixi'AN.siON.— There arc 
two specially important kinds of reversible 
expansion; (1) Adiabatic and (2) Isothermal. 

Adiabatic expansion or compression means 
expansion or compression, carried out.revers¬ 
ibly, in which no limit is allowed to enter or 
leave the siihstanee. A curve drawn to show 
the relation of pressure to volume during the 
process is called nn adiahalie lino. Adiabatic 
action would lie realised if wo had a siihstanco 
expanding, or being compressed, without 
change of chemical constitution, and without 
any eddying motions, in a cylinder which 
(along with the piston) was totally impervious 
to heat. From this dolinilion it follows that 
the work which a siihstanee does while it is 
oxilanding adialmtieally is all done at Iho 
expense of ils stock of internal energy; and 
tlm work which is spent upon a mihstnnco 
while it in being compressed ndialmticiilly all 
goes to increase ils stock of internal energy. 

In actual heiit-eiigines the notion is never 
strictly adiabatic, for there are always somo 
exchanges of heat between the working auh- 
slaneo and the surface of the cylinder and 
piston. Very rapid compression or expansion 
may come near to being udinlmtio hy giving 
little tiino for any transfer of heat to occur. 
Expansion through a throttle-valve is not 
adiahalie, because it is not reversible, though 
it may occur in such a way that no heat 
outers or leaves the sulmlnnoo. 

In the adiabatic expansion of any siihstanee 
work is done, and since no heat is taken in or 
given, out, there must he a doorcase of internal 
energy equivalent lo the amount of the work 
done hy tho substance. 

Accordingly, in the adiabatic expansion of 
any lluid 

(IE — -AdW— -AVdV. 


‘Here, as before, (ZW is Hie work done, and 
A is tho factor required to convert an expres¬ 
sion for work units into heat units. When 
lliis is applied to a perfect gas, in which 
(/Er-K/ZT and J’V=.UT, wo obtain tho 
equation 

...iIV (IT n 
Alt v -i-1C,. s=(). 


If we assume the specific heat to ho constant, 
this gives on integration 


Alt log, V +K, log,. T - constant. 

Writing K,, - K„ for Alt (§ (111)) and dividing 
by K p thin becomes 



V 4 log, T = constant, 


vor„ T 


3 o ■ 
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body iliafc can be converted into work by any 
Hucli process. 

§ (1.8) Revbkhiiieb Heat-engine. Carnot's 
Oi/clc of Operations .—To the firafc of the above 
two questions a correct answer was given by 
»Sndi Onmufc in a remarkable essay, published 
bi. 1824, entitled “ Reiloxions sur la puissance 
i no trice rlu feu ot sur les machines proprea i\ 
clovoloppor eotte puissance,” which may bo 
fut,id to havo laid the foundation of thormo- 
Hymimiea. Carnot pointed out that the 
{greatest possible amount of work was to bo 
obtained by lotting the heat pass from tho 
Hoimto to tho receiver through an engino 
Working in a strictly rovorsiblo manner, not 
only as regards its own internal actions but 
nlso as regards tho transfer of heat to it 
from tho source and from it to tho receiver. 
Tho engino conceived by Carnot is an ideal 
ongino every one of whoso operations is 
reversible. It« oyolo consists of these four 
rovorsiblo operations : 

(1) Isotliormal expansion during which the 
Working suhstuneo is at the temperature of 
tho hot source (T,). During this operation 
bout is taken in reversibly from tho hot 
sun iron. 

(2) Adiabatic expansion, during which tho 
lomporuturo of tho working substance falls 
from T t to T a (the temperature of tho ro¬ 
od Ivor). 

(3) Isothermal compression at the tempera¬ 
ture of the receiver. During this operation 
boat is rejected reversibly to the receiver. 

(4) Adiabatic compression by which tho 
iompomluro of tho working mibHtnnco is 
raised from T a to T r 'I'llis completes the 
oyolo by bringing tho substaneo back to tho 
condition in which it was assumed to ho at 
t ho beginning of tho first operation. 

In the oyolo as a whnlo work is dono by 
tho substance, tho nverago pressuro in (1) and 
(2) being greater than in (3) and (4). 

This cycle of operations, which is known 
n» Carnot’s Cycle, is entirely rovorsiblo. Tho 
working substance might lie forced to go 
through it in the reversed direction, taking 
in heat from tho cold body and giving out 
hont to tho hot body. Tho transfers of heat 
would lie exactly reversed, and at ovory 
m tugo tho pressure and volunio and tempera¬ 
ture of tiie substance would bo tho samo as 
when working direct. Tho work spout upon 
it would bo equal to tho work got from it 
in tho direct action. Carnot’s ideal engino 
anoordingly nlTords a strictly rovorsiblo moans 
i>C letting hunt down from the hot sourco to 
tho cold receiver, Tho reasoning by which 
ho showed that no heat-ongino can utiliso 
lioat more uoniplotoJy is substantially as 
follows. 

To prove that no oilier hoat-ongino, working 
botwoon the same souroo and reeoiyor of heat, 


can do tho same amount of mechanical work 
as a reversible engino by taking in a smaller 
quantity of heat, suppose there arc two hcat- 
engincs R and S, one of which (R) is reversible, 
working between tho samo hot body or source 
of heat and cold body or receiver of heat, 
and each producing the same amount of 
mechanical work. Lot Q he tho quantity of 
heat which R takes in from tho hot body. 
Now if R he reversed it will, by the expenditure 
on it of the same amount of work, give to the 
hot body tho amount of heat it formerly 
took from it, namely Q, For this purpose 
set the engine S to drive R reversed. The 
work which S produces is just sufficient to 
drive R, and tho two machines (S driving It) 
form together a self-acting machine unaided 
by any oxtcrnnl agency. Ono of the two, 
namely S, takes heat from the hot body, and 
the other, R, which is reversible, gives back 
to the hot body tho amount of beat Q. Now 
if S ooukl do its work by taking less heat than 
Q from the hot body the hot body would on 
tho wliolo gain heat. No work is being done 
on tho system from outside, nor is any iieat 
supplied from other someoR, so whatever heat 
tho hot body gains must come from the cold 
body. Therefore, if S could do as much work 
ns the reversible engine R, with a smaller 
supply of heat, we should ho able tu arrange 
a purely self-acting machine through which 
heat would continuously pass up from u cold 
body to a hot body. This would bo a viola¬ 
tion of tho Second Law of Thermodynamics. 

Tho conclusion is that S cannot do the same 
amount of work with a smaller supply of heat 
than a reversible ongino; or, in modern lan¬ 
guage, that no other engine can bo more 
efficient than a rovorsiblo ongino, when they 
both work botweon tho same two tempera¬ 
tures in source and receiver, 

Furthor, lot both engines be reversible, 
Then tho same argument shows that each 
cannot ho moro efficient than tho othor. 
lionoo all reversible engines taking in and 
rejecting heat at tho snmo two temperatures 
are equally efficient. 

§ (10) Rkveusibility the Criterion or 
Perfeotion in a I-J eat-engine. —These results 
imply that, in tho thermodynamic sense, 
reversibility is tho criterion of what may bo 
called perfection in a heat-engine. A revers¬ 
ible hout-ongino is perfect in the hoiiso that it 
cannot bo improved on ns regards efficiency : 
no othor ongino taking in and rejecting heat 
at tho same two tom porn lures can obtain from 
tlio boat taken in a greater proportion of 
mechanical effect. Moreover, if this criterion 
ho satisfied, it is, as regards efficiency, a 
matter of comploto indifference what is the 
nature of the working substance or what, 
in other respects, is the mode of the engino’s 
action. 
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Honco V,/V*=V f ,/V, l , 

and therefore also 

That iH to Hay, tlm ratio of isothermal 
compression in tlm third operation of tho 
cycslo is to ho made ot|im| to tho ratio of 
isothermal expansion in tho first operation, 
in orHoi' that an adiabatic linn through d shall 
complete tho cycle. For brevity "wo shall 
donofo tho ratio of isothornml expansion or 
compression by r. 

The following nni tho transfors of heat to 
and fmm Mm working gas, in the four opera¬ 
tions nf tho eyeln : 

(I) Iteat taken in from A---A I IT, log,, r. 

{-) No heat taken in or rojeeted. 

(-0 11 eat rejected to (J-ART., log t r. 

(1) No heat taken in or rojeeted. 

Hon do tlm net amount of lmat converted 
into work, being the oxeess of tlio heat taken 
in nhovo the (mat rojeeted, in the complete 
cycle, is 

A Itfi'i T # ) log,, r, 


and (lie ellicieney of the eyele, namoly tlm, 
fraction 

Heat- eonvertecl into work 
1 hint taken in ’ 

is accordingly 

Alter, T,) log, r T, -T' a 
ART, log,, r T, • 

.'lint hy (-'ariml-'H prineiple nil roversihlo 
hoiit-uiiginoN taking in and rejecting heat at 
tho huh m two temperatures arc equally 
ofiioiont. Homio the oxpiVHBion 

T, - T.' a 

' T, 


mourn mm tlm eftleieney of any roversihlo 
heat • engine ami therefore also expresses 
tho largest fruntion of the heat Hiippliod that 
can ] muni hly lie eon veiled into work by any 
engine whatever, operating between these 
Minitu of temperature, whatever bo tlm work¬ 
ing Hiibslnneo, 

Thin is tho luomiiiro of peiToofc eflleienoy : 
it in tlio theoretical limit beyond whioh tho 
oHlcionoy of a heat-engine cannot go. No 
ongino can eoueeivably siirpaHH Huh standard, 
and hh a matter of fact any real ongino falls 
shm'li of if, 1 menu ho no real engine is Htriotly 
I’ovnmildo. 

Tlm (mneluiiinn may also be stated, with 
equal generality, for any roversihlo ongino, 
in tho form 

• ■ • (9) 

.1 1 -I. J 


whom is the heat taken in hy tho ongino 
from (.lie Nuiirco at '.I',,, and Q s is tho heat 
rojentail hy it- to the receiver at T„. 


Tlio ollicioney of any heat-engine mav bo 

Writt0n Qr-a aorl Qa 
Qi. Q/ 

whether the engine bo reversible or not. In 
a reversible engine, or as we may call it a 
thonnodyimmically perfect engine, this bo- 

0,m,cs l-iyiv 


In an engine which falls short of reversi¬ 
bility a smaller fraction of the beat supplied 
is converted into work, and the heat rojeeted 
is relatively larger; Qa/’I'a is greater than 
Qi/J’i- 

jj (21) A nsoMrrr. Ziaui of Thmi'uiiawiu:.— 
The zero from which T, and T a are measured 
is the zero of the gas thermometer, which was 
defined as the temperature at whioh the volumo 
of the gas would vanish if the same law of 
expansion continued to apply. Hut wo can 
now give it another meaning. Taking the 
above expression for tho efficiency of a 
reversible Imat-engino, I -T.j/'J',, we. Kce that 
if the cold rcooivor wens at the tomporaturo 
of the absolute zero (so that T a =0) tlio 
ofiloleiuiy would bo equal to 1 ; in other words, 
all tho heat supplied to the ongino would bo 
uouvorted into work. It is oleurly impossible 
to imagine a roeeivov colder than that, for it 
would make the ellieienoy greater than 1 and 
thereby violate tho First Law of Thermo¬ 
dynamics by making t ho amount of work done 
greater than tho bout supplied. Hence the 
zero of tho pnrfeot gnu scale is also an absolute 
tliormodynnniio zero, a temperature >m low 
that it is inconceivable) on thermodynamic 
grounds that thoro can bo any lower tempore- 
turn (compare § (<1)). 

§ (22) Tupiimodvnamio Soapp op Tjjmi'bha- 
TUitH.—It was first pointed out by Lord Kolviu 
that thormodyuinnio prinolplos allow a soalo 
of tomporaturo to bo defined which is indepen¬ 
dent of tlio properties of any particular sub¬ 
stance, real or imaginary. In tho foregoing 
argument wo liavo based tho measurement of 
tomporaturo on the properties of a perfect 
gas, taking a scale in which tho degrees, that 
is to say tho intervals of temperature whioh 
are onllcd equal, correspond to equal amounts 
of expansion on tho part of a perfect gas 
kopt at constant pressure. Using this scale 
wo have seen that a reversible engine which 
works botweon tho limits 'I’, and T a , and takes 
in any quantity of heat Q, at T u rejects at 
Tj a quantity Q a equal to Q,T 2 /T,, and lias nn 
efiiciencsy equal to (T\ - T a )/T r 

Now imagine that tho heat Q a which is 
rejected hy Hub engine forma tlm supply of 
a second revorsiblo ongino taking in beat at T a 
and rejecting heat at a lower tomporaturo T fl , 
such that tlio interval of tomporaturo through 
whioh it works (T a — T s ) is tho samo a3 tlio 
intorval through which the first ongino works 
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L'f|.ualii>ii for a revorsiblo cycle may l)c adapted 
to tlie most general ease by writing it 



integration being performed round the whole 
«yelo. 

Tins Imldn for any internally reversible 
oyolo, It means that when a substance has 
passed through any series of reversible changes 
which cause it to return to its initial state, 
the quantities of heat which it has taken in 
and given out are so related to the tompem- 
turo of the substance at each stage ns to make 
t-his integral vanish for the cycle as a whole. 
When the cycle is not reversible, fdQj T is a 
negative quantity, because the amount of heat 
rejected is relatively larger than when the 
uyelo is reversible. 

§ (2*1) Kwrnoi'y,—Tho Entropy of a sub- 
m banco is a function of its stato which is most 
ocmvouiontly dolincd by reference to the 
lumt taken in or given out while the stato 
«>£ the substance undergoes olmngo in a rovors- 
iIdo nuinnor. In any such eliango the bent 
tnkon in or given out, divided by the absolute 
temperature of the substance, measures the 
tihnngo of enti'iqiy. Thus if a substanco 
whioh is either expanding reversibly or not 
expanding at all lakes in beat <SQ when its 
temperature is T, its entropy increases by (bo 
junount $(),/'. I.'. We shall see that the oulropy 
o£ any substance in a dolinilo stale iH a definite 
4|uauiity, which has the same value when the 
mu hstnnee eoines hack again to tho same 
Htute after undergoing any changes. To give 
the entropy a numerical valuo wo must start 
from some arbitrary point whore, for con- 
vonionco of reckoning, the entropy is taken as 
y.oro. Wo are eonoernod only with changes 
of entropy, and eonsequontly it does not 
mutter, except for convenience, wlmt zero 
Htnto is chosen for the purpose of onloulating 
tho entropy. 

Stalling then from any suitable zero, 
lot tho substance undergo any revorsiblo 
olmngo of slate. Let each element iSQ of tho 
boat taken in be divided by T, whioh is tho 
iiliHoluto temperature of the suhstauco when 
fit A was being tnkon in. Then tho sum 

V ^Q 

“T 

mnusiires the entropy of tho suhstauco, on 
tho assumption that no irreversible eliango 
of state Ims occurred during the process. 
Wo shall denoto the entropy of any suhstauco 
by </». It tho temporature is changing con¬ 
tinuously wliilo heat is being tnkon in, tho 
tihnngo of entropy from any state a to any 
other state is 

•h~<h~j • • • (U) 


provided there is no irreversible action within 
the substance during its change of state. 

Thus, if we write dip for tho increment of 
entropy, wo have 



whence T = ( !Q 

<hj, 

ultimately, an expression which ims been sug¬ 
gested ns a definition of temperature. 

•I ho definition of the entropy of n substance 
as a quantity which changes by tho amount 
t'u dQ 

I T , - while the substance passes, by a rovers- 

J i i 1 

iblo process, from any state a to any other 
state b, is consistent with tho fact that tho 
entropy is a definite function of tlic state of 
the substance, which means that it lias only 
one possible value so long ns tho substance is 
in the same state. To prove this wo must 
show that the same valuo is obtained for the 
entropy no matter what reversible operation 
bo followed in passing from one stato to the 

other: in other words, that f ^9 is tho same 

-L 

lor nil rovorftible operations by whioh a 
substance might pass from state a to state b. 
Consider any two reversible ways of passing 
from stato u to stato b. If we suppose one 
of them to be rovorsod, the two together will 
form a complete cycle whioh is completely 
revorsiblo, and for which consequently tho 

oyolio intogralJf9=0. Honco j for one 

of them must have tho samo value ns for the 
other. It is therefore a matter of indifference, 
in tho reckoning of entropy, by what “path” 
or scquonco of changes tho substnneo passes 
from a to b provided if bo a revorsiblo path: 
starting from any zoro Btnto llio reckoning of 
tho entropy in a given state will always give 
tho samo valuo, which shows that tho entropy 
is simply a function of tho actual state and docs 
not depend on previous conditions. 

It is chiefly because tho entropy of a sub¬ 
stanco is a dolinito function of tho state, like 
tho toni])oratnro, or tho pressure, or tho volume, 
or tho internal onorgy, that tho notion of 
ontropy is important in thermodynamic theory. 
Tho entropy of a substance is usually reckoned 
per unit of mass, and numerical values of it 
rcokoned in this senso aro given in tables of 
the properties of steam and of tho other 
Bubslancos which are used in heat-engines 
and refrigerating machines. 

But wo may also rookon the ontropy of a 
body as a whole when tho state of tho body is 
fully known, or tho olmngo of entropy which a 
body undergoes ns a whole when it lakes in 
or gives out heat. And we may also reckon 
tho total entropy of a system of bodies by 
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sxuiount of limit. There in accordingl}’ a gain 
"f <mtmpy, which occurs hocause the process 

a whole is not reversible. 

’When a substance undergoes any change;, 
f-ii cl the Until state is known, it is in general 
easy to ealeulttto the entropy corresponding 

that state, by considering the amount by 
xvliich the entropy would have changed if the 
Hiilintiinee had come to that state by a rever- 
aiblc operation, for whieh JilQj'i! measures tho 
diatigo. 

When a substance lias passed through any 
Ciomplolo cycle of operations its entropy is tho 
aixino at the end as at the beginning, for the 
original state 1ms been restored in all respects. 
'I'lii.s is true of an irreversible cycle as well as 
of a reversible cycle. But for an irreversible 
oyolo filQl'i! does not vanish. It has a negativo 
vnlno and it docs not measure ehango of en¬ 
tropy, for it is only in an internally reversible 
notion that tho change of entropy is </Q/T. 
If nny step in the action of a substance, during 
Which it takes in a quantity of hunt dQ, is 
irrovorsible, tho increase of entropy during 
tliat atop is greater than </Q/T. 

§ (2fi) Sum ok tiik Enthoimks in a System. 
-—It is instructive to inquire how t ho sum of 
thu entropies of all pnvls of a thermodynamic 
HyHtoni in alYcotoil when we include not only 
tins working substance but also the source of 
himt and tho sink or receiver to which limit is 
rejected. Consider a cyclic action in whieh 
tho working substance takes in a quantity of 
boat Q, from a source at T, and rejeets a 
<|_nantity Q a to a sink at T 3 . Wlion the cycle 
itj oninploUid tho souroo lias lost entropy to 
tlio amount Q 1 / , l' 1 : tlio working siibstmioo 
li nn returned to tlio initial slate, and therefore 
Iiilm noithor gained nor lost entropy: tho 
oink has guinod entropy to tlio amount Q 2 /T s . 
If the cycle is a reversible one, Q,/Tj = Qa/'I’a. 
itnd therefore tlio system taken ns a whole, 
««insisting of source, substance, and sink, 
Uhh siilfored no ohnngo in the sum of tho 
entropies of its parts. But if tlio cyolo is 
no it reversible, the action is less eflioienl, Q a 
Dears a larger proportion to Q, and Q a /T 2 is 
realtor than Q,/Tj. Hence in 1111 irrovorsiblo 
notion tho sum of the entropies of tho system 
as it whole becomes increased, This conelu- 
hIou 1ms a very wide application: it is true 
of any system of bodies in which thermnl 
notions may occur. Tfc may bo expressed in 
on oral terms by saying that when a system 
undergoes any change, the sum of tho entro¬ 
pion of the bodies which take part in tlio 
notion remains unaltered if tho notion is re- 
vend bio, bub becomes inoroasod if tlio notion 
in not rovorsiblo. No real action is strictly 
reversible, and hence any real action occurring 
within a syslom of bodies lias the effect of 
inoroasing tho sum of the entropies of the 


bodies which make up tho sj'stunr. This is n 
statement, in terms of entropy, of the prin¬ 
ciple that in nl! actual transformations of 
energy there is what Lord Kelvin called a 
universal tendency towards the dissipation 
of energy. 1 Any system, left to itself, tomls 
to ehango in such a manner eg to increase the 
nggregnto entropy, which is calculated by 
summing up the entropies of all the parts. 
The sum of the entropies in any system, 
considered as a whole, tends towards n 
maximum, which would be reached if all the 
energy of the system were to take the form of 
uniformly diffused heat; and if this state wore 
reached no further transformations would he 
possible. Any action within the system, by 
increasing the aggregate entropy, brings the 
system a step nearer to this state, and to 
that extent diminishes the availability of 
tlio energy in tho system far further t-runs- 
f urinations. 

This is true of any limited system. Applied 
to the universe ns n whole, tlio doctrine 
suggests that it is in tho condition of a clock 
once wound up and,now running down. As 
Clausius, tn whom tlio name entropy is due, 
has remarked, “ tho energy of tlio universe in 
constant: tlio entropy of tlio universe tends 
towards u maximum.” 

An extreme ease of Iherinodynnmio waste 
occurs in the direct conduction of a quantity 
of heat Q from a hot part of tho system, at 
T,, to a colder purl at ’J’ s , no work being done 
iu tlio process. The hot pint loses entropy 
by tlio amount Q/T, : the wild purl, gains 
entropy by the amount Q/To, mid as the 
latler is greater there is tin increase in the 
npgi-ciguto quantity of entropy in tho system 
ns n. whole. 

§ (2(1) ENTIlOI’Y-TmPKJUTlJBE DIAGRAMS.— 
Wo shall now consider, in a more general 
manner, diagrams in winch tho notion of a, 
suhslnneo is exhibited by showing tho changes 
of its entropy in relation to its temperature. 
Such a diagram forms an interesting and 
often useful alternative to the preasure- 
vnlumo or indicator diagram. Ono example, 
namely tho entropy-temperature diagram for 
a Carnot cycle, has nlrcady beon sketched in 
Fig. A. 

Lot d(f> ho tlio small change of entropy 
which ft Hubfllnnoo undergoes when it takes 
in tho small quantity of heat dQ ftt any 
temperature T, it being assumed that in the 
process the substance undergoes only a rever¬ 
sible ehango of stftto. Then, by the definition 
"(oHlrapy 

&l>~ 

wbonce Td</> — (IQ 

and = fd Q, 

* Mathematical ami l’hiisical 7Vipers, i, GI L. 
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surface. A regenerator satisfying these condi¬ 
tions is of course an ideal impossible to realise 
in practice. 

Using air as the working substance, and 
employing his regenerator, Stirling made an 
engine which, allowing for practical imper¬ 
fections, is tho curliest example of a reversible 
engine. Tho eydo of operations in Stirling’s 
engine was substantially this (in describing 
it wo si ml I treat air ns a perfect gas): 

(.1) Air, winch had been heated to T, l>y 
passing through tho regenerator, was allowed 
to expand isothornmlly through a volume- 
ratio r, taking in heat from a furnace and 
raising a piston. Heat taken in (por unit 
quantity of air) ^RT, log,, r. 

(2) TIki air was caused to pass through the 
regenerator from the hot to the cold end, 
depositing heat and having its temperature 
lowered to T 2 , without cliango of volume, 
llout stored in regenerator — K^T, -T a ). The 
pressure of courso foil in proportion to tho 
fall in lomporaturo. 

(3) The air was then compressed isothortn- 
nlly at T 8 > through llio samo ratio r to its 
original volume, in oontaofc with a receivin' 
of lieat. 1 lent rejected =ltT 9 log,, r. 

(*l) The air was again passed through the 
regenerator from the cold to tho hot end, 
taking up limit mid having its temperature 
raised to T,. llout restored by the regener¬ 
ator ■ K,.(T, -• '.r a ). This nomploted the. cycle. 

Tho ellioieacy of this ideal cycle is 


HT’ijog;. r - HTj log,, r_T, -T a 
' ItT', log,, r ' TV " 

The indicator diagram of tho aotion is 
shown in FUj. 7. Stirling’s regenerative 
ongino is theoretically 
important bocmiRo it 
is typical of tho only 
mode, other than Car- 
noL’s jilan of ndiabntio 
expansion and 
adiftlmtio coin* 
prossion, by 
w h i o h t li o 
notion of a 
hont-engino 
can bo made 
reversible. 

A modified 
form of re- 
• gonorativo cn- 
l/ohtmc gitm was do- 

l*’l(t 7.—Iiloiil Indicator Diagram vised later by 
of Alr-ciiKlno with Uegciicratcir m • , v] ' 

(Stirling). fricsson, mho 

kept tho press- 

urn instead of tho volume constant whilo 
the working substance passed through tho 
regenerator, and so got an indicator diagram 
made up of two isothermal lines anil two linos 
of constant pressure). 






/ 
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Fiq, 8.—Entropy - temperature 
Diagram of Perfect Engine 
lining a Regenerator. 


The entropy-temperature diagram of any 
regenerative engine is of the type shown in 

Fit/. 8. 

The isothermal operation of taking in heat 
at T[ is represented by ttb ; be is tho cooling 
of the substance from T ( to T 2 in its passago 
through the regenerator, where it deposits 
heat: cil is the isothermal rejection of heat 
at Tjj ; and da is the restoration of lieat by 
tho regenerator 
whilo the sub¬ 
stance passes 
through it in tho 
opposito direc¬ 
tion, by which 
tho temperature 
of tho substance 
is raised from T a 
to T,. Assuming 
tho notion of (he 
regenerator to 
bo ideally per¬ 
fect, be and ad 
are precisely 
similar curves 
whatovor bo their 
form. The area 

of the figure is then equal to the area of tho 
rectangle which would represent I ho ordinary 
(,’ariKit cycle {Fig. fi). Tho equal areas pbcq 
and ndam measure the beat stored and restored 
by the regenerator. 

§(28) States ok Aikikimiatjon on Phases. 1 
—In tho foregoing sketch of general prin¬ 
ciples tho only substances whoso properties 
wore discussed wore imaginary ones, namely 
porfoct gases. YYo havo now to treat of real 
substances, such as may exist in three stales 
of aggregation, solid, liquid, and gaseous. 
Thcso states are now generally called phases. 
Some substances, such as sulphur or Iron, havo 
more than one solid phnso. Wo are mainly 
concerned with tho liquid and gaseous phases, 
in oither of whioh tho substance is spoken 
of os a fluid. Th,o working fluid in an engine 
is often a mixture of tho samo substnneo 
in tho two phnsos of liquid and vapour; hut 
in some stages of the action it may consist 
ontiroly of liquid, in others entirely of vapour. 
Tho vapour of a substance may bo cither 
saturated or superheated. A vapour mixed 
with its liquid, and in equilibrium with it, 
must bo saturated. Any attempt to heat tho 
mixture would result in more of the liquid 
turning into saturated vapour. Hut when a 
vapour has been removed from its liquid it 
may bo heated to any extent, thereby becoming 
suporheated. Thus when steam is formed in a 
boilor it is saturated ns it leaves tho water, but 
it may bo superheated on its way to tho engine 
by passing through hot pipes which cause its 
temperature to riso above that of the boiler, 

1 Sec article '* 1’hnso lliilc,” 
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than unity; it passes a minimum vnluo 
thereabouts of 0-0007, mid then increases, 
becoming appreciably greater than unity at 
such temperatures ns arc found in steam boilers. 

During this first stage, while the substance 
is still liquid, nearly all the heat that is 
taken in goes to increase the stock of internal 
energy. There is scarcely any external work 
done, for the volume is only slightly increased. 
Thus, for example, in healing water from 0° C. 
to 200° 0. (umlor a pressure) of 22(1*24 pounds 
per square inch) the volume of the water 
changes from 0*0100 cubic feet por pound-to 
0*0185. The external work dono during this 
heating is therefore 225*24 x 144 x 0*0025 or 81 
foot-pounds. This is equivalent to barely 0-00 
thermal unit (pound-calory), and is negligible 
ill comparison with tho quantity of heat 
that is taken in, which amounts to 203*2 
units. 1 

In tho second stago, tho liquid oliangos into 
saturated vapour without change of totnporn* 
tiu-o. Tho heat that is taken in during this 
stage constitutes what is called tho latont 
heat of the vapour. Wo shall denote it by 
L, At tho end of tho second stage tho sub¬ 
stance contains no liquid ; it is spoken of ns 
dry saturated vapour:- nt any curlier point 
tho Hubstaneo is a wot mixture consisting 
partly of saturated vapour and partly of 
liquid. 

Tho latent heat of a vapour may ho dell nod 
ns tho amount of heat whieh is taken in by 
unit mass of tho liquid wbilo it all changes 
into saturated vapour under constant pressure, 
the liquid having boon previously heated up 
to tho tomporatiiro at which tho vapour is 
formed. 

A'eonsidorablo part of tho heat taken in 
during this process is spoilt in doing external 
work, since tho substanco expands against 
tho constant pressure ]?. It is only tho 
roinuindor of tho so-oailcd latent heat L that 
can bo Haiti to remain in tho fluid nnd to 
constitute an addition to its stock of internal 
onorgy. Tho amount spent in doing external 
work during tho second stage is 

A1>{V,-V,„), 

whoro V, is tho volume of tho saturated 
vapour and V„, is the volume of tho liquid 
at tho sumo temperature nnd pressure. As 
previously, A is the fnotor for converting units 
of work into thermal units. The excess of L 
above this quantity measures the amount by 
which the internal energy increases during tho 
second stage. 

Thus, for instance, when water at 200° 0. 
and a pressure of 225*24 pounds por squaro 

1 For nuniorlonl values of tlio thermodynamical 
quantities rolntliiR to stenin, roferenco should bo 
intulo to The Vttllcndar Steam Tables (15. Arnold, 
1015), or to Properties of Steam Oallendars (13. Arnold, 
1020 ). 


inch is converted into steam, tho volume 
changes from 0*0185 mi bio feet to 2*0738; 
4(i7*tl thermal units nro taken in, of which 
47*01 units nro spent in doing external work 
and 419*8 units go to increase tho stock of 
internal energy. 

In the two stages together the whole 
amount of external work dono is to bo found 
by Inking the wholo increase of volume and 
multiplying it by tho pressure. Tho wholo 
increase of interna] energy is equal to the 
wholo amount of heat taken in less tho equi¬ 
valent of the external work done. This is 
only a particular example of tho general 
principle Hint when any substance expands ill 
nny nmnner, taking in hoot and doing work, 
the heat taken in is equal to tho work done 
plus tho incrcaso of internal energy. In tho 
case here considered tho action is going on 
under constant pressure, but the statement 
applies to any change of slnto whatever, 
whether or no tho substanco changes in phase 
during tho operation, 

§(30) Tub Intkunai, Ekhiwv or a Fr.inn. 
—No matter what changes a substanco may 
undergo, its internal energy will return to tho 
same value wlion the substance returns to the 
same condition In nil respects. In other 
words, tho internal energy is a function of 
the actual state of the substance and is inde¬ 
pendent of tho way in which that slalo 1ms 
linen reached. 

Wo have no nuuuiH of measuring tho total 
stock of internal energy in a milistunco, and 
enn deal only with changes in tho stuck. 
But by taking some arbitrary starting-point 
as a zero from which (lie internal energy 18 
is reckoned wo can give K a numerical value 
for any othor state of tho substance. That 
vftluo really, expresses tho difforonoo , from 
tho internal energy in lira zero state. Tlio 
usual convention is to write 33=0 when tlio 
substance is in tlio liquid condition at a 
temperature of 0° 0., and at a pres sure equal 
to tho vapour-proasuro corresponding to that 
tornporaturo. Wo may call this, for brevity, 
tho zoro stato of tlio Hiibslaiico. 

Following this convention wo take E—0 
for water at 0° 0. Tlio value of Tfi for saturated 
water-vapour at 0° 0. will thou bo 504*21 
tliornml units. 

Values of 13 for saturated steam at various 
temperatures are given in tho Steam Tables. 
It will lie seen that they increase slowly with 
the toinpomtiu'o. 

§(31) Tun " Total IIkat ” or a Fi.uin.— 
Wo come now to another function of tlio stato 
oF any substanco, a function which is of very 
groat nso in thermndynainio calculations. It is 
generally called tlio “ Total Heat,” nnd is 
ropresonted 2 horo by tho loiter 1. 

5 Ciillotulor 3n 1 iIb Steam Tables and In Ids buck uses 
II to represent this function. 
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On the other side, after passing the constriction, 
lot its pressure ho T„ volume V 2 , and internal 
energy Do- As eaoh portion approaches tlio 
constriction work is done upon it by tho sub¬ 
stance behind pushing in tho imaginary piston 
jtY, an<l tho amount of that work done wlulo 
unit quantity is passing is P,Vj. After each 
portion lias passed tho constriction it does 
work upon tho substance in front by pushing 
out tho imaginary piston 11, and the amount 
of that work is 1\V 2 for tho whole unit 
quantity. Any excess of tho work done by tho 



aithstanco on piston 11 over tho work done upon 
ifc by piston A must bo supplied by a reduc¬ 
tion in its stools of internal energy. IIouco 

Al’aV, - APiV,=E X - Ej, 

from which 

E a +AP jV 9 =1'J!+AP 1 V l 

or Ij-Ip 

Thus tho total boat does not ohango in oon- 
ficq nonce of tho throttling, The imaginary 
-pistons wore Intniduced only to make tho 
reasoning mnro intolliglhlo; tho argument 
holds good wholhor they are thorn or not. 
It. applies to any fluid, and to any action in 
which there is u frictional fall of pressure. 

Wo might accordingly doscribo tho quantity 
I ns that property of a mibstanco which 
docs nob ohango in a throttling process. In 
this argument it is assumed that no heat is 
Indccn in or givon out, and also that the 
velocity in tiio pipes is so small tlinfc no account 
need lie takon of any difference in the kinetic 
onorgy of tho stream in tho pipes before and 
after passing tho constriction, oneo tho eddies 
have subsided. If tho stream has acquired 
(in approoiahlo amount of kinotio onorgy after 
tho process, tlioro will bo a corresponding 
ro<lnotion in I, 

§ (1111) Enthovy of a Fluid. —In reckoning 
tho ontropy of a fluid tho same convention is 
followed ns in reckoning internal onorgy: 
tho entropy of tho liquid at 0° C. is taken 
a zero. Consider, ns bofore, a process in 
wliioli tho liquid is first boated under constant 
IjrcsHtiro and then vaporised at that pressure, 
i)it ring tho iioating of tho liquid from an 
initial tomporaturo T 0 to any tomporaturo T 
(on tho absolute scale) tho entropy increases 
hy fciio amount 



wiicra a is tho speoifio boat at constant pressure. 


If <r could ho treated as constant this 
would give on integration 


cr(Iog e T - log, T 0 ). 

In tho case of water <r is not far from con¬ 
stant and equal to unity. 

During vaporisation an additional amount 
of heat L is taken in at constant tomporaturo 
T s , namely, tho tomporaturo at which vapour 
is formed under the-given pressure. Honco 
tho entropy increases by tho amount L/T,, and 
we have, for tho entropy of any saturated 
vapour, 

• • • (13) 

During superheating tlioro is a further 
increase of entropy as tho substance takes in 
more heat. 

§ (34) Mixed Liquid and Vapour : Wet 
Vapour. —In many of tho actions that occur 
in steam-engines and refrigerating machines 
wo liavo to do, not with dry saturated vapour 
but with a mixture of saturated vapour and 
liquid. In tho cylinder of a steam-engine, 
for oxnmplp, tho steam iR generally met; it 
contains a proportion of water which varies 
ns tho strokes proceeds. When any snob 
mixture of two phases of tho some substanco 
is in a state of thermal equilibrium the liquid 
and vapour liavo the. sumo tomporaturo, nnd 
tho vapour* is saturated. What is cnllod tho 
dryness of a vapour is measured by the fraction 
q of vapour which is present in unit mass of 
tho mixture. When tho dryness is known 
it is ensy to determine other quantities. Thus, 
reckoning in every onso per unit mass of tho 
mixture, wo liavo: 

Latent boat of wot vapour 

=?L--=?(!,-I„). . * (14) 

Total liout of wot vapour, 

I tf =I kl +gLt=I,-(I -q)it. . (IR) 

Volumo of wot vapour, 

V,=?V J + (l- g )V MJ . , {10 

which is very nearly equal to jV„ unless tlio 
mixture iB so wot ns to consist mainly of 
liquid. 

Entropy of wot vapour, 




(l-<?)h 

T, 


(17) 


From (10) it follows that when tho total 
heat I (/ of a wot vapour is known, tho dryness 
may bo found by tho equation 

?=4-4=- . . . as) 

*■* ~ Me 


Combining (15) and (17), and eliminating q, 
wo have 


X/—X« 4" ■Lj( f /'« < ” • ■ (10) 







I \MI 


ft I 


kvlitrh i - n i iinii i«i- iii • '■' ,l 

|||.< f.-! >1 In il .1 II I V .J-'in ”i"i‘ •> '• 

nil' 111.- !• nil" I 1*1111- M-- 'll*-' )-- ' l » 

nil I'Hinl 11 • (‘'HU i = 

t t, t'.l 1 ■ • • 1 ' 1 

In ||i. ■ .i n I . <>■ * I- »* -t 

||,,.l|.| .111-1 I, It. .1 n< <1.» -i. > • 1 > M- n 

,11 fill- 1-1..1-1 .I'll-- “< 111' '•■■■ >‘>**<'11. 

*j ( II, l) !il > ■ ll II Ul'l' - IV I 1,1. i i i 1 1 "i" 

|t< n. \\, l» .in >.■•-' Pj ■ ! IS.. 1 >1 

inn .jtint.lill. i nli.il* **■»' ■ >■ 1 ■ ' 

k| »Im .■! Iln- Mil-.I.in - 1 1 * > 

(ln> . 1 -lii ,l pi »l> , i."l < " *?»-«* >'»■ fi - 5 

ln-i-ll l> ?.< .1 i 

‘IIn- I« ii.j-i i.ilut.-, I 
1 til- 1*11 'Ml', I’, 

t in- i .•tuiiin, \ 

I In-, ill). ii!,.( . i , I 

i l.«. *-i tl I.. >», i 

I li.. i-.-.l»"j«y, *.'■ 

\ -vnI -,t nn (. .. • ’ ...... 't> * ■■ ■ ■■■. 

• liir-t-llf W.H5i »t l-.V.I-l in’ - Hi • ■■. *• -i • = > 

|ll--,|< si! «•)(..! ll.* i . ini.I i'ii> , 

(I nnv I. '- 1 - II.-I J-t 1.' I I.. 1 --5 y • i 
lljlli.i'l! ! it ii-.t.; iu In il ; -i- i.-.e- .. H-i4 * 
i.Ii, |Im.'.i,;I* a Uu-MV i 

i. ).i!-'l»J Stn )ii lin’iy »-S »',!»»' IVi-1 •)'- » 1 l-taJ-ij:.- - I 

j. lin.- tin! in -mi ■! i.'f-.'f- 

i ll.!, |t.«. (in.-.Ml, 1 ! I.), wJ.i' ii iis.1l I? ’ w 

,ji>1ii!i!ir.n v» -if. c \ si. } • l4» - m »».'.i! 

|ll« iliiii .t -HI.I »fu«1 -1 «t‘ «'■■« - I 

l-ll IN.: |*•;%k f i* nt.ll (T I'*** '■ !•' -• *' 1 

,t iiv.--» I'l l .1 ’ Jli - i. I 

>i|i. i it1 .|« itii-.i 1 • "3 1 

Ill'll lit -11 Ik, 1J|> S. • I I -I . t ,r t - ■ -f- j- I- i 

.... I. !>-. . <- -J -V.V W ! * • 

I.. ,1. .till,: i-i i<J. !!-■'•-- '••• i •■i-’i-' , ■ 

> f .... ,,-!•» - I - ! -.1 .- il • - 

, , . v.J.. .. i, r- - - a * J'.- if -1 *-i».-.V...- • . 

.1,. -., • Ji.ii- -I t <i- ■■ ■•• <• 1 ’-1 •••-’- 

Ins, In- - t it . a-, si* .j.lM.’Sii.ii-* .v. i.i i.; n . 
if® .»-..*•* f.-J -. •m-i.-i. '_> 

-•! At II',1.1, • a.-..;, I-,* it I-■ ■■ >••>•■ 

j, ...ii 1 ^ 1 -A.:. »i is 5- t • iiti 31.1 P-?• s- 

ill) * -s -si! in ii.i .--"-p . 

■ Si i . : ...J 1 "A?..', .i ,P y 

-•! «AS ... jl Jl. U. ? fi-'l *«.»<. VJ.14A 

-J ,N|«*>■>$ i a 1 !.-!.-. A- i.-‘i 

ai..A«»r. j.iBjii.. MA*-I «-• ii. s.* 

K-tv-f -i} 

S j'M| si >’»• % I'j « n- ■ 

iiM-'SMKatSHi 1.4« StA» SMS I *1 ■> 01. 

!ll«v.Si»M |( ia JissiSui iii*. % f t ifct 

1-)A ,; )'.'l't I >."l fl-.rf.. ytv 1 * fSs: A»i 1 '*J l(3-;.r 

isjy.naw -S.910 iifer gi-i.wsiWJ* 

wm\ |S»«. «lki, Si*r- -j-ia-BW-A- isiap ■< .r-wa- 

JtrS* XIm> tba/s*-# W-i*# ilj 

a'3| >4 

^;ij «.#iSi$Kfiy *hf ♦?» 



t . U Mf.f 

v.- «• 1 ■»**> ■■■■■'■■'-V.l! ml,, 

■ it • s ' - ’ i .•->•-. r., in-.!.,,.,« 

- ii-. '- • v- •••-. . ■("■-Mi'V t ft'.- li-jlml 

j... : : - V >• , !• 

. i ?- •. •• = . -. y U :,t si 

•1.: .’ -.'.'MS.. M IV ,11 

■ 1 >■■■■ A. ■ A * , |i,„ 

' i ' • •’ '' ••'•:'• t »!•■' 5 ■ . t! 11 I 

1 “' -i ;. • . I ••••: in-.■'> - -. I -. 1 .. i mm! fli,. 

•' ' ■ ■•**-» i' 1 1- 1 ■ ■ ■• Ui is itiij.* 

m . - >lU.n -'i 

r. 'l. i^-.. J' 11 '. ‘ t. *>. .. ... l. •! ► l.tt •.< 

i... . -f- A .-•• I. J-! t, I. * «!„. 

■ . i • . r»... i .'• '. t... 3! .-.ll 

.- ■ i’ • l I'll): iln. 

. “ i-.'-vi V ... 1. s i- i'l! S, lt.il 

v • ' M « . r? 

f •• V tu, lit...-.)....- 


, j A 


, A 




l. A.S tl 


- 1-i" ‘-'J '•"'-..M-S »!:•' * i.-' 1 I loin 

’* * i' 1 - f'.-.-j. im ?1 1 ... 

i" i 

s'*:.a.,:,.-.i.:m I,(in 

1 . k>!. ■. i-i-f.l i- tv-*,( 

I'-•-> * ?:• 'i S-H''i:ii» 

U .. j-r.-.- : *.ifii 
• f rt-.iii.;,) 

if- •> i;c»i : 




t 

' ;iV 

"•. I 


*iK 






» v 

i-w \ 

\ 0 . 


H (. • MO if 

>11 r. .1' il, ,. ; H. , i J .W 


i: .-. . ... i * I. !-.- ei.ni j.u?, il f-.i-. .1',*J>lrt 

-1 il .t = «---- "’5 /--••. .v.y.;,n» i. f•,.--.} 

i.l ...... MC. -(. i -l.i.i. J. :l. J.5 ...i'l III. ( i- IVilnwl, 

“1 ii y. i--| V£4«r-< fcl- 

i ii-'j ifii! *> f M*J||.’.!9 2-re^isw. 

fi. . J-.a..,!.,, J. i! ■ il ■>■>.}: Kiil.'-li’l mil HSlI-. 

!|," * il 1.V1. 38,.:,.I U* ltlllj(.ll(l-l«i'illi!r<'5 

il;.,. |f ) •!^ j•• .i-.:.-..a.jA isiSi,.,. iis ims 

-.1 | -•! -MS s..!-!' Vi. 8 , ttijs./ lllr K» #>..-S 

S.U1.S1S I,u ; A.-.t< 1 i.it ilif-rf- *4 

.. .. ftivH.iv. .»( A- c-.ssyiP 1 " u « 3 rt'-l... Wlili. i 

i 'i ‘F '".SAai. A t il sisii 1 ljHl'M*ffltU,llW fl-fS-Ai^jS; Jv.Vlipi'i 
a|< (t'i -3-s -a .. r. bntefKnnc »•>! -l ,,9xm». 

'ly. v'f.. if'-A •SliWi‘ii3.'§--' l ilJ" •-i’i. ii V :■ V 

"C.3 Ail 8'",,. 1-J -1)3 M.ii.1 j. '4'A.fH 

» ... 33.a«- i. ajl-y-Aiil IhM; 

#***•*ajNMe ■t..ai«ai» , i' fc* &•.,-«t.4 lUfeanr. S>Aa. 

.til Sr, «nai(i:aa , »!l(>-.Afl'Sj -JifiStil fewifew# 






THERMODYNAMICS 


ll-lfj 


process is it other limit hnmogc>immn. lie 
continuity of tho liquid Mid states 

in any substance, may Im mom clearly nnIiMwci 
if one thinks of » process by which the »•■»- 
stance may pass from n slate Unit is obviously 
liquid, to mint her Mint is obviously kmkumih. 
without any abrupt; ulmngo, nimb nsjhiit 
w'liioli occurs in the boiling of a liquid, Sinrt- 
ing from B (Fiif. H), where Mu* Kiilmlnimo in 
n liquid, it might be lieulcil al eonulimt 
volume to a temperature equal t< tlio oiiUcnl 
temperature. Thin brings it let H. Then It 
might expand iHothermuHy along the line 
III, anil then In* (moled lit eonslant veliinu* 
from I to <3. At (! it is n wtiimled vnpoiir. 
During eauh of tbeso steps the Hiihnlimee baa 
remained homogeneous t the passage from 
liquid to vapour has fallen place in 
n eonfiniioiiH nmimnr, inul if would 
im impossible to point to uuyalugo 
of the processes the stage of transi¬ 
tion from one plume to the oilier. 
In this proecHNiiny iso I hernial higher 
lluui the nrilira 1 Isothermal K would 
serve equally well for the etep in 
which the subs! unco expuiiiln. 


I 

£ 



Volume 


or responding to Haturation at the actual 
ircsauro. Any such lino A BCD is tin iso- 
liormal for tho substuuco in the sauces sivo 
fates of liquid (A to B), liquid and vapour 
nixed (B to 0), saturated vapour (at 0), 
uporhoated■ vapour (0 to D). Now take a 
muih higher temperature. We got a similar 
■Mifchoraml A 0 H a O 2 I) u ; and at a still higher 
emperaturo another isothermal A a B s (! 3 I) a , 
■ml so on. The higher the teniporalmo the 
irarer do Ji and 0 approach each other, and if 
ho temperature he made high enough the hori- 
.ontftl portion of the isothermal line vanishes. 

§ (.17) Tuk (JumiiAl. Point : Ohitioai. 

L'lOML*.UKATiniH AND ClllTHJAT. I’uivSHDUR. —A 
iii rvo(shown by tho hrokon line) drawn through 
.f 1 B.,li 3 , ote., is continuous with one pausing 
Brough (W’a, and it is only within tho 
egionof which Museum* is the upporbound- 
try that any oiiange from liquid to vapour 
.likes plaoo. Tho branch BjBjllj,, which 
iliows the volume of tho liquid, meets tho 
muioh 0 ,(VIr, which allows the voluino of 
;ho saturated vapour, in a rounded top. 

I'lie summit of this curve represents a Hlato 
which is called the Critical Point. Tho tem¬ 
perature for nti isothermal lino K that would 
lust touch the top of this curve is culled tho 
Critical Temperature. Wo might dollno the 
critical temperature in another way by say¬ 
ing Mint if tlie lompernlurc of u vapour is 
iliovo the critical temperature no pressure, 
however great, will eimse it to liquefy. Tho 
pressure at the critical point in called tho 
Critical Pressure j at any higher pressure 
Die substance cum nut exist as a non-homo- 
geiieous mixture of two phases, partly liquid 
and partly vapour. At tho critical point 
tho distinction between liquid and vapour 
disappears. 

(Starting from I) and inoraishig tho press- 
tire, the temperature hoing ltopt constant, 
we may traco any of the isotliormnls back- 
wards, Tho initial state is then that of a gas 
(a superheated vapour). If tho tomporaturo 
is low enough wo have a discontinuous process 
1MJBA i as the pressure moroasos 0 is reached 
when tho vapour is saturated and condensation 
beginss at 11 condensation iH oomploto, and 
from B upwards towards A wo are compressing 
liquid. At any point bolwoeu 0 and B tho 
substance exists in two phonos or stales of 
aggregation ; part is liquid and piui is vapour. 
But if the tomporaturo is above tho critical 
tompemturn the isothermal is emo that lies 
altogether outside of tho boundary curve, 
shown by tho broken line; itv that onso the 
mibslmiao does not suffer any sharp change of 
phase as tho pressure* rises. It passes from 
n state that would ho united gnaooim In bno 
that would ho oalled liquid, in a continuous 
manner, following a course such ns is indicated 
by tho lines F or G, and at no Btugo in tho 

vor.. I 


Fin, fi. 

Tho critical lomponiluro of water vnpum' 
iH about !171° (!., it loinprmiLuro numb higher 
than is raiohad in the nothin of nn ordinary 
steam engine. But with carbonic acid, wlmnn 
oritionl tempomturo 1 h only about ill" l.\, tin* 
behaviour in the noiglilHinrhoml of tin* eilllenl 
point, and above* it, is of great practical 
importnueo in connection with rofrigmiMng 
mnohinoH which employ enrboiiln acid ns 
working sulwtunw. 

Tiio no-ended permanent gases, nil oil urn idr, 
hydrogen,' oxygen, and no forth, are vupomn 
whioli under ordinary umidllbniH arc very 
highly nnpnrhoated. Tlioie oiltical Iciopem- 
lures arc ho low Mint it is only by nxlrcmn 
cooling Mint they oim bo brought Inin a con¬ 
dition which makes liquofnoLlon possible, Tim 
critical temperature of hydrogen in — 2*11 '* lb 
or Sf2° absolute. Kvon helium, 11 in most re- 
fraotory of tho gases, has been liquefied, bid. 

if v 
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only by cooling it to a temperature less than 
5 degrees abovo the absolute zero. 

§ (518) Adiabatic Expansion op a Fluid : 
Heat-dkoiv —When a fluid expands adiabatic- 
ally it does work at tho expense of its stook 
of internal energy, and its total heat I conse¬ 
quently becomes reduced. To calculate tho 
amount of this reduction wo have, by definition 
of tho total heat, 

I=E+APV. 

Itonoo by differentiation 

dl =<ZE+APdV + AVdP. 

But by tho conservation of energy tho increase 
of Internal energy plus tho work done by the 
fluid is equal to tho heat takon in. Applying 
this prlnolplo to a small ohango of state! wo 
have 

(JE+APdV=dQ, 

whoro dQ is tho heat taken in during the 
oliango. Ilonco in any small change of state 

(ZI=rZQ +AVrfP. 

In an adiabatia operation <ZQ=0, and 
consequently <11 =AVrfP. Theroforo, if the 
fluid expands adiabatiaally from any state a 
to any state b, tho resulting dooroaso in its 
total heat, namely, 

I a -I 6 =Ajf a VdP. . . (21) 

This integral is tho area eabf of tho pressure- 
volumo diagram {Fig. 12), It is tho wholo 



Via. 12. 

work dono in a cylinder when tho fluid is 
admitted at tiio pressure corresponding to 
state a, thou expanded ndiabatically to state 
b, and then discharged at tho pressure corre¬ 
sponding to stato b. 

Tho dooroaso of total heat in expansion 
T„ —1 & is called tho “ Heat-drop.”' It is a 
quantity of much importance in tho theory 
of heat-engines. Tho abovo equation bIiows 
tlmt under adlabatio conditions the whole 
dono in tho cylinder, namely the area 
ixpresscd in heat units, is raonsured 
-drop. 

ntity must not bo confused with 
liiolr the fluid docs during expan¬ 


sion, namely tho area metbn. Under adiabatic 
conditions that area is equivalent to the loss 
of internal energy during expansion, or 

E„ - E;,= aJ“ PdV. . . (22) 

In the adiabatic expansion of any fluid 
its temperature, pressure, energy, and total 
heat fall, but tho entropy remains constant 
since tho operation is reversible and no heat 
is communicated to or taken from tho suh- 
stanco. This consideration enables tho form 
of tho pressure-volume ourvo to ho determined 
when tho relation of tho entropy to other 
properties of the fluid is known. A ease 
which is important in practice is that of a wet 
vapour, such as tho mixture of steam and 
water which expands in tho cylinder of an 
engine. Usually, though not always, a wet 
vapour becomes wetter as expansion proceeds. 
Tho ourvo of its expansion may bo traced as 
follows, if we assumo that tho liquid and tho 
vapour which constitute tho mixture are in 
thermal equilibrium throughout tho process. 

For greater generality wo shall supposo 
the vapour to bo wot to begin with. Lot tho 
initial temperature ho T\ and tho initial 
dryness q v In this state tho entropy is 


L t being the latent heat of tho vapour and 
<p> m tho entropy of tho liquid, both at tho 
temperature T t . Lot tho substance expand 
adiabatically to any lower temperature T 2 , 
at which tho latent heat is L, and tho ontropy 
of tho liquid is <j> w2 s wo have to find tho 
resulting value of tho dryness q t . Tho 
ontropy may now bo expressed as 



and since there has been no ohango of ontropy 
this is equal to tho initial value <j>. Hence 

. . (23) 

This equation servos to determine the dryness 
after expansion, and once it is known tho 
volume V- is readily found. Tho exact value 
of V„ is (jfaVga + (1 -q a )V tlll , which is practically 
equal in ordinary oases to q 9 V n , V s „ being 
tho volume of saturated vapour at tho 
temperature T 2 . Tho pressure is tho satura¬ 
tion pressure corresponding to T a . Thus tho 
calculation fixes a point in tho adiabatio lino 
of tho pressure-volume diagram for expansion 
from the initial conditions, A series of points 
may bo found in the same way, corresponding 
to successive assumed temperatures which 
are reached in tho course of tho expansion, 
i£ it is desired to trace, the lino. 

In tho special oaso when tho vapour is dry 
and saturated to begin with, tho constant 
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entropy </> is equal to r/> n , anil the expression 
for the wetness after expansion to any 
temperature T t becomes 

Similarly, if the substance is entirely liquid 
in tho initial state, the pressure being sufficient 
to prevent vapour from forming, adiabatic 
expansion will cause some of it to vaporise. 
Its initial entropy is and since this does 
not change, 

ip 

after expansion to a temperature T 2 . 

When a homogeneous gas expands adia- 
batically, without liquefaction, tho relation 
of pressure to volume is approximately ex¬ 
pressed by tho equation PV y =constant, 
whore 7 is (as before) tho ratio of the specific 
boats K„/K l) . Tills expression is, ns wo saw 
in § (15), rigorously true of a perfect gas, 
where isothermal expansion makes TV con¬ 
stant, and ndiabatio expansion makes PV Y 
constant. In any homogeneous fluid, as will 
be shown later, tho slopo of tho pressuro- 
volumo curve, namely dl.’/dV, is 7 times ns 
great in ndiabatio expansion as in isothormnl 
expansion. In water vapour tho valuo of 7 
is found to bo Ml, and accordingly that valuo 
of tho index serves to dotormino the expansion 
ourvo for suporhoatod steam down to the 
point at which liquefaction begins, after 
which tho ourvo may ho traced in tho manner 
dosorlbcd ahnvo, by determining tho dryness 
at Buocossivo stages. 

In tho ndiabatio expansion of ail initially 
su portion tod vapour tho point at which 
liquefaction may bo expected to bogin is 
determined from tho faot that tho entropy 
is constant, by finding at wliat temperature, 
or pressure, tho entropy of the saturated 
vapour jb equal to that of suporhoatod vapour 
in tho glvoii initial state. This comparison 
is readily mado when tallies or charts giving 
tho properties of tho suhstanco are available, 
as they are for steam, ammonia, carbon 
dioxido, and certain other fluids. With a 
suitable chart tho progressive oiTeot of any 
adiabatic expansion or compression is readily 
traced throughout its wholo couim 

§ (39) Sudkksatujution.— In the nhovo dis¬ 
cussion of ndiabatio expansion it lias boon 
aBSumod that at ovory stop in tho expansion 
there is a condition of equilibrium botweon the 
part that is vapour and tho part that is liquid. 
But it is known, as a result of experiment, 
that whon a vapour is suddenly cooled by 
ndiabatio expansion tho condition of equi¬ 
librium is not reached at once. Suppose a 
vapour such as steam to ho initially dry and 
saturated} on oxpanslon a part of it must 


condense if equilibrium is to he established. 
This condensation takes an appreciable time j 
it is a surface phenomenon, taking place partly 
on the inner surfaces of the containing vessel 
and partlj' by tho growth of drops throughout 
the volnmo. Consequently the sudden expan¬ 
sion of a vapour may produce temporarily 
what is called supersaturation, a state in which 
tho substance continues for a time to exist 
as a homogeneous vapour, although its 
pressure and temperature are such that tho 
condition of equilibrium would require a 
part of it to he condensed. Such a state is 
often described ns a metastable state. In tho 
supersaturated state the density of tho vapour 
is abnormally high, higher than tho density 
of saturated vapour at tho actual pressure, 
Tho temperature is also abnormally low, 
lower than tho temperature of saturation at 
tho notual pressure; for this reason a super¬ 
saturated vapour might ho called supercooled. 
Tho suporsatumted condition is not stable j 
it disappears through the condensation of a 
part of tho vapour, and tho resulting mixture 
of vapour and liquid lias its temporaturo raised 
by U 10 latent heat wliioh is given out in this 
condensation. An important practical ex¬ 
ample of this kind of action is found when a 
jot of steam is formed by sudden expansion 
in a nozzle such as that of a Bo Laval steam 
turbine. There the expansion is nearly 
adiabatic and the work done during expansion 
is employed in giving kinetic energy to the 
issuing stream. It is found that in tho early 
stages of this expansion there is no condensa¬ 
tion ovon if the steam iB saturated when it 
onters tho nozzlo. Ill these stages tho steam 
becomes supersaturated, and, as Cftllondar 
has pointed out ( Proc. Inst. Aleck Eng,, 
Fob, 1015), tho relation of its volume to its 
pressure during theso stages is that which 
holds for a dry vapour, not for a wot 
mixture. 

Tho supercooling of a vapour without 
condensation is analogous to the supercooling 
of a liquid without crystallisation—another 
oxamplo of a motastablo state. In both 
processes there is a departure from tho state 
of equilibrium, and in both tho restoration 
of equilibrium involves an irreversible action 
within tho substance. Tho adiabatic expan¬ 
sion of a vapour under conditions of thermal 
equilibrium throughout is reversible, hut if 
there has been supercooling there is an irre¬ 
versible development of heat within the 
fluid whon tho supercooled vapour passes 
from tho metastahle state into tho Btablo 
state of a mixture of liquid and saturated 
vapour, 

§ (40) Carnot's Cvcle with a Wet Vapour 
for Working Substance.— Returning now 
to processes in which the ndiabatio expansion 
or compression of a vapour is imagined to bo 
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turo T and the lower temperature T-6T, 
The heat taken in is L, the efficiency is oT/T, 
and tlie work done is JL8T/T, the faotor J 
being introduced to convert from licat units 
to work units. The indicator diagram, whoso 
area measures tlio work done, is now a long 
narrow strip. Its length is V s - V ((J , V, being 
the volume of the saturated vapour and V„, 
that of the liquid. Its height is SP, the fall 
in saturation pressure corresponding to the 
fall in tomperaturo from T to T - ST. When 
SP is made very small, by taking the two 
temperatures very near together, tlio area of 
the diagram becomes more and moro nearly 
equal to the product of the length by tlio 
hoight, or (V, - V, t ,)3l\ Hence, in tlio limit, 

(V, - V,„)5P— 


v V 

Vj Vw "TW; 


(24) 


whore (dT/dV), means tlio rate at which tho 
temperature of tho saturated vapour olianges 
relatively to tlio prossuro. This is Clapoyron’s 
equation. Tho reasoning by which it is 
established would bo valid for any rovorsihlo 
change of phase whioh ocoura isothormally 
at constant pressure, such ns that which 
occurs when a solid molts, us woll oh that 
which oeours when a liquid is vaporised. It 
may accordingly ho written in tho more 
general form _ „ n 

v '- v ' arS' • ' (2 ' l0) 


whore V' is tlio volumo of tho suhstatioo in 
its first state, V" is its volume in tho second 
state, A is the heat absorbed in tlio Irons-; 
formation, and dTjdP is tho rate at whioh tlio 
tomporaturo of tho transformation (say tho 
mol ting-point or tlio boiling-point) alters witli 
tlio pressure. 

Applied to tho molting of ico, wlioro thoro is 
contraction of volumo on molting, Clapoyron’s 
equation aooordlngly shows that tho melting- 
point would ho lowered by applying prossuro. 
From tlio known amount by whioh ico con¬ 
tracts when it melts, Jamos Thomson pro- 
dioted that tho molting-point of ico would ho 
lowered about 0'0074° C. for each atmosplioro 
of pressure, a result whioh aftonvnrds was 
verified experimentally by his brother, Lord 
Kelvin (Collected Pajtcrs, i. 150, lfifi). 

Tho lower of tho two fixed points usod in 
graduating a thermometer is tho tomporaturo 
at whioh ico molls under a pressure of ono 
atmosplioro. It this prossuro woro removed— 
as it might bo by putting tho ico in a jar 
exhausted of air by moans of an air-pump 
—tho tomporaturo of molting would bo raised. 
Tho water-vapour given off at tho molting- 
point 1ms a prossuro of only 0-09 pound por 
squoro Inoh, and consequently if no air woro 


present, and if the only pleasure wero that 
of its own vapour, ice would melt at approxi¬ 
mately 0-0074° (!., for the pressure would ho 
reduced by nearly ono atmosphere, Tlio 
temperature at which ieo melts under these 
conditions is called the Triple Point, because 
(in tlio absence of air) water-stuff can exist 
at that particular tomperaturo in throe phases, 
ns ico, ns water, and as vapour, in contact with 
ono another and in equilibrium. 

§ (42) Charts exhibiting tub Properties 
op a Fluid. — Charts for exhibiting tho 
properties of a fluid are drawn by selecting 
two functions of tlio state (such ns pressure 
and volume, or entropy and temperature, or 
ontropy and total heat) ns co-ordinates, and 
drawing a family of lines each of which shows 
tlio relation between these co-ordinates when 
some third function of the state is kept 
constant. Ono example of such a chart hns 
beon illustrated in Fitj. 10, where lines of 
constant temperature wore drawn with tlio 
proa sure and tho volume as tlio two co¬ 
ordinates. In tho engineering applications 
of thermodynamics two other types of chart 
aro specially useful: in ono of these tho co¬ 
ordinates are tho tomporaturo and tho entropy; 
in tlio other (a chart introduced by It. Mollior) 
tlio co-ordinates aro tho total heat nnd tho 
ontropy. 

The ontropy.temperature ohart hns tho 
valimblo property, already pointed out, that 
tho area uiulor any lino which represents a 
rovorsihlo process measures tho boat taken 
in or givon out during that process (since 
Q=/TV Ifi), tlio area boing measured down 
to a baso lino drawn at tho absoluto zero 



of tomporaturo. Any rovorsihlo cyolo is 
represented oh tho ohart by a closed system 
of lines, and tho area cnoloscd by thorn is 
tho thorinal equivalent of tho work done in tlio 
cyolo. For tho puvpoRO of exhibiting tho 
proportios of a substance on an ontropy- 
tomporaturo ohart, lines of constant pressure 
are drawn ns in Fig, 15. There AB represents 
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In the sketch the lino bb' illustrates the 
process of superheating steam, ut a constant 
pressure of 200 pounds per square inch, to a 
temperature of 400° O. The lino b'c illus¬ 
trates adiabatic expansion, from that initial 
state, to a pressure of 1 pound per square 
inch. Tho length of b'c. (measured on tho 
soalo of I) is tho adiabatic heat-drop, which 
is tho thormal equivalent of tho work obtain¬ 
able from steam, under adiabntio conditions, 
when supplied to an ongino in tho state b' 
and discharged in the state c. From tho posi¬ 
tion of c, below tho steam boundary curve, 


“ reducing valve ” or other constricted orifice 
such as tho porous plug of the Joule-Thomson 
experiment. 

In a perfect gas throttling produces no 
change of temperature, but in steam and other 
vapours it produces a cooling effect which is 
measured as tho fall of temperature per unit fall 
of pressure under tho condition that I is con¬ 
stant, or 

Cooling effect = 

This is called the Joule - Thomson cooling 
effect. Under certain conditions (which will 



it is soon that tho ft town is thou wot, tho 
dryness boing about 0-88. Tho moat useful 
part of tho chart is tho part immediately 
above and below tho stoam boundary curve; 
largo scale drawings of tho olinrt in this 
region arc obtainable as aids in engineering 
calculations. 

§ (43) Effects of Throttling: The Joule- 
Thomson Gooliiki Effect. —Wo have already 
scon that whon a throttling process is oruried 
out imdor conditions that prevent boat from 
ontcring or loaving tho snbstanco tho total 
boat I doos not change. Lines of constant 
total boat on any of tho diagrams accordingly 
show tho changes in other quantities which 
are brought about by throttling. It iB tho pro- 
coss that occurs when a fluid passes through a 


bo cl iso us so (l lator) it may bo nogativo, that fa 
to say a gas may bo slightly healed by throt¬ 
tling, but in gonoral the effect of throttling 
a fluid is to coo} it. This cooling offoot lias 
boon applied by Linde to bring about the 
liquefaction of air mid other not easily liquo- 
flablo gftsos, tho apparatus being arranged 
In such a way that tho escaping gas, which 
has boon slightly cooled by passing tho throt¬ 
tling orifice, takes up heat from tho warmer 
gas that is ontcring, with tho result that a 
cumulative cooling takes place and the 
tompomburo at tho orifice is reduced below 
tho critical point. (See tho arliolo “ Lique¬ 
faction of Gases.”) 

Whon a vapour which is initially saturated 
has its pressure lowered by throttling, it 
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the notion involves fluid friction within tho 
working substance. It is of the same nature 
ns that whioh occurs in throttling: there 
is irreversible passage o£ the working sub¬ 
stance from one part of the engine to another 
where tho pressure is lower, aa for instance 
tho passage of steam through somewhat con¬ 
stricted openings into tho cylinder, or its pass¬ 
age, on releaso after incomplete expansion, 
into tho exhaust pipe, with a sudden drop of 
pressure: or again, there is tiro same kind 
of irreversibility in a turbine in the frictional 
losses that attend tho formation ■ of steam 
jets or in the friction of tho jots on tho turbine 
blades, Those are all instances of mechanical 
irreversibility. In tho second kind of irrever¬ 
sible action thoro is exchange of heat between 
tho working substance and tl»o intornal surface 
of tho ongino walls. Tho hot steam, on admis¬ 
sion to a cylinder whioh has just been vacated 
by a less hot mixture of steam and ivator, 
finds tho surfaces eoldor than itself. A part 
of it is accordingly condonscd on them, 
Which ro-ovaporateB aftor tho pressure has 
fallen through expansion. This altornato 
condensation and ■ ro-evapomtion involves a 
oonsidorablo doposit anil rccnvory of heat 
in a mannor that is not rovorsihlo, for it 
takes places by contact between fluid and 
metal at different temperatures. The action 
may ooour without loss of heat to tho out- 
sido • it would occur, for instance, in an 
ongino with a conducting cylinder oovorod 
oxtornally with non - ooiuluoting material. 
Its ofl'oot, liko that of throttling or fluid 
friction generally, is to reduce tho output 
of work below tho limit that is attainable 
only in a rovorsihlo process, and it docs this 
by making tho aotunl boat-drop I 1 — I fl less 
than tho ndiabatio boat-drop. 

Tho full statomont of tho heat-account in 
a roal process may accordingly lio expressed 
as follows 5 When thoro is a steady flow 
of a working substance through any thormn- 
dynamlo apparatus, tho output of work is 
measured by tho actual heat-drop from 
outrancio to oxit, less any heat that escapes 
by conduction to tho outside, and loss any 
gain of ldnotio onorgy of tho issuing stroam 
ovor tho ontoring stroam, 

This statomont applies to any typo of 
hoat-ongino and also to rovorsed heat-engines, 
or hoat-pumps, but in them the quantity W 
is nogativo: work is oxpondod on tho maohmo 
instead of boing produced by tho maohino. 
In such machines Q, is also generally nogativo, 
for as a rulo tho apparatus is colder than its 
surroundings and tho leakage of heat is 
inwards. 

In an apparatus such as tho convorgont- 
divorgont nozzle of Do Laval 1 tho boat-drop is 
utilised In giving ldnotio onorgy to tho stream. 

1 8eo " Turbine, Development of tho Steam.” 


No other work is done. Lot the fluid enter 
such an apparatus with tho velocity r, and 
leave it with tho velocity v z . If wo assume that 
the loss of heat by conduction is negligible, 
then the gain of kinetic energy is equal to 
tho actual heat-drop, or 

. . (28) 

With given initial conditions, anil a given 
fall of pressure, this quantity renolics its 
highest vnluo when I 2 ~I a is equal to the 
adinbatio heat-drop. Any dissipation of 
onorgy through friction or eddies within tho 
apparatus reduces the actual heat-drop, by 
increasing the valuo of I a . 

§(4C) GKtucn a i, Tn i:iim onv nam io Relations 
between Functions op the State in any 
Fluid.—W o liavo now to consider, from a 
more mathematical standpoint, tho thormo- 
dynamio relations which hold, in any fluid, 
betwcon tho various functions of its state. 
By a funotion of the state is meant a quantity 
which depends only on tho aotunl state and 
not on any changes through which tho fluid 
may have pussed in reaching the actual state. 
Six such quantities have already been men¬ 
tioned, namely 1\ Y, T, Jfi, I, and <p. When a 
fluid passes in any manner from one atato to 
nnothor, each of theso quantities is altered 
by a definite amount which does not clopotul 
on tho nature of tho operation, hut only on 
what tho slato wan before the operation and 
what tho Btnto is at tho end of the operation. In 
mathematical language this fact is expressed 
by saying that tho differential of any of those 
quantities is a “ pnrfcct ” differential. It is 
convenient to ineludo two otlior quantities 
in tin's list, both of whioh are also functions 
of tho stato, nnmoly a quantity whioh is 
defined by tho equation 

i= I~T<A, . . . (20) 
and a quantity \f>, whioh is dofinod by tho 
oquation 

E-3ty. . . . (30) 

Wo defined tho ontropy if> by tho equation 
dp—<lQ/'£ in a rovorsihlo operation ; and tho 
fuot that ^ is ft funotion of tho atnto was 
proved as a conscquonco of tho result that 
/dQ/T~0 for a rovorsihlo oyelo, a result which 
follows from tho Second Law of Thermo¬ 
dynamics. This iB expressed mathematically 
by tho statomont tlmt dQ/T or (hp is a perfect 
differential. The Scoond Law is theveforo in¬ 
volved in treating <p ns a function of tho state. 
Honoo tho faot that dip is a perfect iliffcrential 
is sometimes spoken of ns a mathematical 
expression of tho (Second Law. It is important 
to nolico that whilo dQ/T, whioh is dip, Is a 
porfcct differential, <ZQ itself is not a porfeot 
differential, for tho amount of heat involved 
in a change is not a funotion of tliu state 
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This relation between the three partial 
differential coefficients holds, in all circum¬ 
stances, for any three functions of the state 
any fluid. It may bo expressed in these 
alternative forms: 



Returning now to equation (31), 

dZ=mX+NdY, 

the principles 1 of tho calculus show that when 
(17, in a perfect differential, but not otherwise, 



In dealing with functions which dopond 
only on tho actual stato of tho fluid, tho con¬ 
dition that dZ is a perfect differential is satis¬ 
fied, and consequently equation (35) applies. 
Wo shall sec immediately some of tho results 
of its application, 

§ (*17) ICnekoy Equations and Rnr.ATioNS 
lnciiuoMn from them. —Consider now tho heat 
tnkon in when a small ohango of state ooours 
in any fluid. Calling tho heat dQ wo liavo, 
by tho .First Law, 

dQ*=tlK + d\V, . . . (30) 

where rflfl is tho gain of iniornal onorgy and 
d W is tho work which tho fluid docs through 
inoroaao of its volume. Sitico <AV = P(ZV tho 
equation may bo written 

dK=dQ-YdV, . . . (37) 
Horo and in what follows wo shall assumo 
that quantities of heat aro expressed in work 
units. This simplifies the equations by allow¬ 
ing tho factor J or A to bo oinittod. 

Wo are oonoornod for tho prosont only with 
reversible operations, In any such operation 
rfQ —Tdp ; bonco 

dtt~'Mp-YdV. , . (38) 

Again, I = E -l- PV, by definition of I, 

Itonco (IMFj-i- d(PV) 

—'Udi/i - VdV + VdV -I- VdP 

=Td./H-VrfP.(39) 

Again, f=I-'Jty, by definition of f. 

1 We have 7, ns a function of X and Y only. Wo 
may therefore write 

Z«F(XY), 


wlicro F(XY) menus some function of X and Y. 

Honco 

<»-(£)/*+( 

’$)/*■ 

Thus 



Honco 

mi \ ri a F 

\tlY Jx" ilYdX ” 

(£),• 


95(5 


Honco df= dl-d (IV) 

=Tty +VdV - (Tdp -i- pd’V) 

=VfZP - pdT .(40) 

Again, ^=E-TV, by definition of p, 

Honco dp= dJS - d[Tp) 

—Tdp - VdV - (Tdp + pdT) 

— - l?dV - pdT .(41) 

Rut dF., dl, and dp are all perfect 
differentials. Honco, applying equation (35) 
in turn to equations (38), (39), (40), and (41) 
wo obtain at once tho following four relations 
between partial differential coefficients : 


From (38), 

(§)*= 

-ea- 

. • • (- 12 ) 

From (39), 

©♦- 

(«i\ . 

\dp) r 

. . (43) 

From (40), 


(dp\ . 
~Wr 

• • (14) 

From (41), 

ala, 

'll 

/dp\ 

\dV 

. . (45) 

These are known as Maxwell's 

four thormo- 


dynamic relations. 

Tho following furthor relations aro immedi¬ 
ately dcduoiblo from equations (38) to (41). 
Taking equation (38), imagino tho fluid to bo 
heated at constant volume. Then <ZV=0 and 
dE=Td 0 j honco 



Again,imagino tho fluid tooxpnndadiabatically. 
Thou dp—Q and cZE=P(ZV j honco 



Similarly from equation (39) wo obtain 

“ nd (S)t“ Vi . 

from equation (40) 

Rnd (^) r = “^ 5 

from equation (41) 

(si) — P -“ d (S) T — 

Colleotihg tlieso results, 
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ingly K J( is always greater than K„, except in 
the special case when one of the factors on 
the right-hand side is equal to koto, in which 
case IC,, is equal to K„. This is possible in 
a fluid which has n temperature of maximum 
clou pity (ns water lins at about 4° C.)- At the 
tomperaturo of maximum density (dV/dT) |1 =0> 
and eonsoquohtly at that point K }> -K„=0. 

Ho turn now to equations (52) and (5G). In 
heating at constant vohimo dV=0; hence by 
aquation (62) 

K,.T(g) y . . . (50, 

Iii heating at constant pressure dP = 0 ; honce 
hy equation (fill) 

K ''= T (®),- • • <"°> 

In an ndinbatio operation d<f> = 0; hence by 
eqviation (52) 

K »( llT \ =-( d ?\ . ( 01 ) 

tW* Wv ( 

and by equation (50) 

3 KS)r(E).- ■ ■ !02) 

l/urthcr, by equation (34ft) 

(dV\ K„/dT\ 

/dv\ _ W) i. "iii \3i?/ ip _By, (dy 

\dTj T _ " 


/dv\ -KJd'\:\ ■ 

WJv T'Wt 
K,, SdV\ /dl’\ 

CWiW*' 


K„(dV\ 

K u \dV)<f 


(03) 


Thin is tho ratio usually called y. 

Tluia in tlio adinbatio expansion of any 
fluid tho slope of tho prouauro-vohnno lino is 
y times its slope in isothermal expansion, for 

(w)*-»(w).' 

§ ( 49 ) Otiiimi Gtcnkual Rkpations. — By 
equation. (37) 

dH = dQ-PdV. 

Ilonco by equation (50) 

dE-K.tfl’+MV-PclV 
zaKjW+ (l-V)dV. 

In boating at constant volume dV=0; lionco 

(®)v= K - • • • «•*» 

In ino thermal expansion dT « 0; lionco, using 
aquation (51), 

Wo may therefore write 

(IK = K*dX + [t (~|) y - p]dV. (00) 

Again, by equation (30) 

dl-sdQ-i. Vdi\ 


Hence hy equation (54) 

dl=Kj,dT + VdP + VdP 
=K p dT + (Z' +V)dP. 

In heating at constant pressure dP=0; hence 

(£),"*- • . ■ • P7) 

In isothermal compression dT = 0 j hence, 
using cq nation (55), 

© T "''+ v = v -' r (S) P ' ■ m 

Wo may therefore write 

dI=K„dT+ [v-T(J) p ]dP. . (GO) 

A few other general relations may bo men¬ 
tioned which are easily derived from those . 
already given : 1 

(«),- T+V (|)v= 1 ’- V (w)v <"> 

(S)v= v+K '(S)v= v - T (S) t ‘ rn 

$).-(£)♦• • ■ <-> 
chi 

§ (50) Tub Joui.b - Thomson Cooling 
Effkot.— In a throttling process dl = 0; 
lionco, from equation ( 00 ), 

(*)-&*(*).-*} • ™ 
This is tho “ cooling effect ” in tho Jotile- 
'J’homson porous plug experiment of § ( 12 ); 
the cooling offoct which tho working fluid of a 
refrigerating machine undorgoos in passing 
tho expansion valve j tho cooling effect used 
cumulatively by Linde for tho liquefaction of 
gases. It expresses tho fall of temperature 
per unit fall of pressure when any fluid suffers 
a throttling operation, during which it rcceivos 
no heat from outside, nor takes in any. 

From equation (75) it follows that the cool¬ 
ing effeofc vanishes when 

/ dV\ _V 

{d'xjrr ’ 

This occurs in any ideal “ perfeot ” gaB 
under all conditions, that is to say, in a gas 
which oxactly satisfies the equation PV=RT, 
for then 

/dV\ _R_V 
\dT/r - PTT’ 

‘ See Kwlng'a Thermodynamics for Enginwrs, vil. 
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is tho heat it takes in, and - d.E is its 
li'tiM of internal energy. 

Sinno ('~I —T</>, 

dl - '.Vd</> — <l>{l'£. 

O'iiin in tmo of any olumgu, rovorsiblo or not. 
•Ia>t tlio impnHod conditions bo Hitch that the 
t t'mporaturo is kept constant during the cliango, 
bl\on rfitlT— 0, This condition would bo realised 
H tlio system wore surrounded by a oa|meioiiH 
I'oservoii’ of heat, and the change were to take 
Jduuo very slowly. If the pressuro also l»e 
Ropt constant df is equal to di), tlio heat 
tukuu in. Hence imdor theso conditions wo 
1 III vo 

dj'^dQ -Td</>. 

I'fow dtp is equal to (IQ/T in any rovorsiblo 
<sluingo, but is greater than dQ/T in an irra- 
Vorsiblo olmngo (§ (2d)). It follows that in 
*v cliango undor tlio proKoriliod conditions of 
coiiHtant temporaluro and constant pressuro 
vimiahoH only if tlio ohango lio reversible, 
*md in a negativo quantity if tlio eliango bo 
irreversible, T <lt/> being then greater than 
Htmeo it tlio syHtom woro to bo a littlo 
(liuturhcd from thermal equilibrium, with tho 
r<mult that for a timo thoro iH jrrovorniblo 
tuition, l' is diminishing wliilo tho system 
(uljnstH itself ho that stable equilibrium is 
l’O hL ured. Aoeordingly tho filet that di' is 
in tho eouditioil of equilibrium is to be 
interpreted as meaning that (• is then a 
minimum. Thus undor tlio slated conditions 
«it constant temperature and constant proemiro 
tlio criterion of stablo oquilibrium is that tho 
fimution £ for tho system as a whole slioll ho 
a minimum. 

Returning to tlio equation 1 

di-.-ull-Td'P-id'V, 

In a rovorsiblo ohango at constant prossuro 
'.Whp ■■■ di and, by equation (41)), (df/dT)p--= 
Miilmlituting this in tho expression for £ wo 
have 

f" I+ *(£).-- ■ ■ < 77 > 

Again, since 

dt'*dto~Td4>~(/>a, r. 

I loneo In a rovorsiblo ohango at rtiUHtant 
tmnporatnro 

dfr.-.:dV) ~dQ 

or — . . . (78) 

Thoroforo, It a system olmngos rovorsibly by 
a Unite amount, at constant temperature, 
f iroin state (a) to stato (5), 

i'c-'pb- w, . , . (78a) 

whoro W Is tho work dono (in any manner) 
during tho ohango. Tn othor words, tho 
dooromont of f measures tho amount of 


energy actually ennvortod into external work 
by a systom, whothor by expansion of 
volume, or by generating electricity, or 
otherwise, during any isothermal rovorsiblo 
process. If tho process were not rovorsiblo 
tlio work dono would ho less. Thus tlio 
dooromont of \p measures how much of tho 
energy of the systom can, in tho most favour¬ 
able aaso, bo converted into work wliilo tho 
syHtom undergoes a cliango at constant 
temperature. It consequently also measures 
how much tho energy of tho system lias lent 
of ora liability for further conversion into 
work imdor isothermal conditions. Iter thin 
reason Helmholtz. (HTcrf. Ann., 1871), vii. 337 ) 
called tlio function \p tho Freo Energy of 
tho systom, regarding tho wliolo energy ID as 
mado up of two parts, numcily tho “ freo ” 
or available energy ^ and tho “ bound ” 
energy T$. It should, however, bo borno in 
mind that during tho conversion sntno boat 
may ho taken in from or givon out to tho iso¬ 
thermal onvolopo, in kcoping tlio teinporaturo 
of tho system constant. Following Helmholtz, 
many writers on the thermodynamics of 
ohomioal processes Hpoalc of t// ns tho "freo 
energy,” 

I'Yoin the above equation it also follows 
that in a system which in maintained at con¬ 
stant temperature tty is zero for a ohango that 
does not involve tlio doing of any externa! 
work, when tho ohango is reversible, hut is 
negative when tlio ohango is irreversible. 
Honeo if tlio system ho such that work can 
bo dono only by expansion of volume, Us 
criterion of stablo equilibrium at constant 
temperature and constant volume is that tho 
funotion \J/ for tho system ns a whole shall bo 
a minimum. 

To these functions Willard Gibbs (Collected 
Works, 1. 03) gavo tlio imino of “ Potentials," 
from their nnalogy to tlio Potential function 
in statics, On account of tho properties which 
hftVo boon indicated above, f is called tlio 
Thormodymniiio Potential at oonataut press- 
uro, and \p is called tho TJiorniodynamio 
Potential at constant volumo. 

Returning to tho equation 

<ty — dE - 'Xdifi - i/ulT, 
since in a rovorsiblo olmngc 

dE - Td0=dE - dQ m — dW, 

(ty ~ — dW — i/dT. 

Honno if tho ohango is suoh that no external 
work (of any kind) is dono, 

dip ~ - c/id'il 



whoro tho huIIIx implies that tho partial 
(Morontial cooflioiont ityjd T is tlio rate at 



i in iiM'im \ .\mi* 


wltirlt y in- «i mtli lin- 1 . i.iiMSi 

(till'll It-* 1\ ■ -1 !. I') 1-1 lll;f l!-'l|i ? ■ ill' ,1..; 

{till III lll'l ' l<‘li y 1 I -. ll 


c;a 


In ;i|>|ih in’ tins i j'.i i( i. !i. if,. (■ >»;;. i; ' 
(■jhl I'll I, l:i It ->‘ f --itl-lll >1 Ill'll J|i|i}l > . f ,-H.H 

|l Vi l :|liln I i iMl I-1) Ul.'il i-'ll ll • >1.1 1- ■■.{*>•. 

hit.I it;?, ji.| -.1 i- t'. n j.ilt US!- * • il : 1 = 

Hi. Hto i-'ll' lH'l ’.’.ill* ■ 1. i> ;• -> »>J i: 

iiint iii --I i, si'i? ti»<?» i|i'- .ii~- i-j?.. i..ri i. > 

i.( Mir .hi i[iini’ il 1 i .i 111 a.c ft .Ij.jili. -i! 1 .i>i- »1,< 

dMnl.i l;. I;, j nh.l lull .1. ••}■ lii(: i;. t 

I 113 (■• lllilill;' Ini I ..») I 3|i.-U'liH;; 1 

ill 1 lid ,|\l;iii( il n : 1 iv. V 

1) j.YJj 1 ut;>>it. nr I’jldil. Jin- (-Ili.3 • .1 . 

Ill > llin jliH'i'll.lH*. }■(••(•■. ill •! is : 

1,1(1 il i|uiIIIjl uiiV i '-I |‘li. 4 r-i. ti 

II .ill I n|(.I III >• tll:i( tlli.Il l; ■» .ll • lin!.-,l\l l.i in}i. Ml 

fiH» iiicl . „|i&|.tli8 | H lin. . (. » i. 

i|iiti»i;j Hi" Ill' ll iii:.; '•( vi a. -li-t >•! '■ l ■ '• .-.j- .a .s » 

lie'll »■! Ji'|,,l<l ill,i'll l . .-Ilf* iill j1l‘4l..|l lii. ; .» 

fi.llnw .1 fiiliu I Ijil.ili'-H ( l'Vi, > .-i till,.i 1'* tti ■ !•>. 
in u i .,j"i i lU'.u. 

ifi- Vil|' ,'fl 

III >t • i-l i'liaiw- nl • -ii.il;it'll j )4,.'iisii> -45.i? 

||’1|IJ»| Mil US, fJ|i» (a J«.»4.(iM*-l» *>-'i 

ill 1 dltil if I' '>(«■ l*i.jtl it d ■, IV. tjai 

*■«•»•». '( ll'to ill,. . }■•»•» *i«i j-snii-r. 

V(l|l(t1 (nr lljlil (llilS'iJ 111 tl o-nliivali.'l hi *b 

f"l IHlil <■( llivi idjlii'l 111 li.|5 Mil... jii' Miiir 

tiiiil Iruiin'inlltiii, in tii.il i.inoia J n w I 

miosT*»i«* nil'll. u|i » l il.. -"'-- i ctt 

Vii|'i.n» iii > 'Hilljl(»iinii, I "Hu..ii,ii.i if., 

l'i (*•»*• mill 'ill. i i ij.-i-iia ifr-'-i. i i • • 

11 • Id it il lli> . "i.'lil i.-.i (.. i 

f • III | I l ll \ l| V- !«!i'i> t .111- !> 1 > I ll..l'i , I , ,. »..!I '{ 

I ••.Ji..).*!i -v I- •*. 1, . 

V in f .11* .-■•."I li... • •,?•,,..“•>• .. 1- . : t . :■:.■! .as 

. )4,i..;| > , t, 1.1 -- ii, • (i. 4 « i l'i, .t, 

h .),• 

*f'. via.. 


’ . 1 «(- • If V 'III:;., * in »fi', tin, 

l’-’ ~ 

■I: *" i • • * 4 I ; • | , |» \ t l'i 11 11 

•' >- 3 "-iv 1' . 

i ■■ '*■■*’ l ‘ 1 «»=• .in .nui.. ,.C 

J ‘ •; 1 ■; J- ■ ■■ ■■■ ■■ «'•'}• 

u.--. 

'' ‘ " • '■>" i; , : X* 'M.l «...■.( i|, lV 

! ‘ 5 n •> 

< ■ . ■ !■ if., i... ,. 

* ■ ■••• . •••'' - •* f *•' ■■ 1. ir.il,, . 

‘ , I. ?. -.r 

■ ; - *” ■ - ' ■ * <•••'—" -< 

lU ,\.-.l.S. ■ , Hi.! ?■ , . ... ill; f,, , 

'■' ••• 5 ; - f 1 .n- ,.t tin. 

J * l.t.i. , »: -5 • S- ll'l: iii 

***! I- • ; ' i •• • '•'l i-J'.*:. -i .... -..I!, *?:. „f 

' { ’ • 1 • • I--. 1 : ■: 5 '.1,„ I 

= -• • 1 >■: '• .i 4.rim 

; *' -v m-l 

I , ... *. s- ■ • ; !•■ ; • • i 'i* * i' - '■!'» 

. ii-.-t.- ,1 Hi-' I. ,11 ... lf.-ai.>ii!o,ti Jt««. 

■i l\i ff a: .. .I;a., ' . *•. ..» ...» 

• Hi , -. I'n.n'. !l i.K la ,,, i..y h,-5T, 

ii.i. 4 > in, • vvi.i-; t. , y-si.,,,, 

. >•„' . ! W i.i ■ , «! n. t |. 

•a .4 1.-8 , i v . . r g . h!’, i. ti< .S 3 i? 

X* »•**«**. l\ :<■; *;•. si . - 'I.-.I, » s.;„. *J.,. j,y 

. t 8J»« Ii; ,.f: . 1 •> s>.. ; .... |f,„ 

*<*«s«-*»•••»« ««f*, *' ■■ ? H;:-.,, -i.?i- i... La, |}, w 

j^.. js *!ra •JV.IW 1 -sla Ii', , ,11 j-.i_ ...jj i,.< , ;> t 

1 if.3.1 «.n:. I •• d? , 

, if:'-i |» h :«J..-.'i.i ' 'i '- lt>' i,S i 

»- ■■ ■<>• Si, /ii • 4 ».. 


(U r«jt|<»tiit» (l'*i 8J:>« ytifa 

V ,-Ji 

v - 

!(■♦* v, Ii ; ,., «'i.' ll.-s:..,. i 1 sS-.lis,. 

I it.ilf.ll8 i -I l Mt« 't»-* I'..•ihal.ali? j-Ir-r-W-,* - ' . A* S> j 

(« l', l Hn»* »i1-8s»M« 5 Ssj'w. » l iijj-.ia . 

lilt*. 

v, v„ 

i 

lfi',‘4- s!i„ ililfi'.IV'-i'i-jj j**v| jf J f'l' 1 ,J. 1,,.. 

(hi. «« »Sl-n<i4ll»iHg |!»f- false •,»! wljifij, 

5fi.r av?*ms«<*>«',', Hr lujwt'aSHfsi «M»jh 5fa, 

,i..» 8iT..iia-. j.rrs-iei'-aSiy, os,8 enitaii.li 

Ilf;#:!'!jMfitafoaiisiv, g*» 

|« ; s.ii^<Ks «lli^ IIko m 

t4 xtmmps A V* *>&& 


! : • * ;*-• •• •? d'-li 1.1 ’,V .S' 

,v I 5,i.i ii 1..;. •: i-a!><-. I' ,T I! - -ft tiimln 
, *1 -te-'in*-. i f i -i>. I .i.'i 5.11 i] ii .*., i.iaWe rvnaOT 

■ *■■■"*'«**«•»»•" »•(•«•*»«»•. Jiii IV.»|. :< Mitt. 

■ *■■*, i. •>.» «*«.,*. M Itlw, P 'HSl-i :■.! Ih* 

• *».»*■ j.tl Ii,,il, „1V. •f.Jn'i.l.fcis iim Jt«'4 

! *ir :r i|iw >,>l ,i Hj-t-nijnf Ml-.m [ji-m iii8 Wi! jj 

■ " i i |.-ii,'.««-}», &J.J. 8«i »-:*s-..s%j- j., .nitsuv i,'-.»iS(f 

. a .,.,i"S ii«M ,4 <!&.< vnlinjig, 

"ii 1 "i 'V'i 'it- tn»-" a!.,' j hms- ?, (>)!•.«.• a ^ 

" ’•» S3»s «,sj|.,'hj.(p 

■ IV«,J,|: U.4“)f, B'saiftjji- Uw5»f.|,*,u.||* 1*1. .Si.'l;4fl 

: . l4vn' li5:s:*4u. »«■.«, ’:,»«!• »•»«;-..f,.» igg : *:nfv; |» ^ 

-. *s.»tsa« 1 Revwit* fa t ft 

j 3vi",* >-» lid* l.'-vifaK iW» ii» v »i aw-Jitevnl.^ if, 

1 »»>*«>.j|'N*'a,»»ait« ■; $\-p* B'fe 

, B "8*'. if--'* f/KI-viii' jli-r ij.i (l'iwi -s,i i,'S ;) .hf'tyjf , 

J in, wW a'- ,, P v4«.„| Sisy «i^E 

1 ,34f.^"l>ai.tea alb'i^i • 83y*H Sd, i># Kiw^illAd'W g*# Rllj® 

j rifalrteaiii ; W sjtpaiil&imtwi &Vt 

8la» a@faw- *fe» ilifsss^iK-^'aSiisfw *fenti|5,. 

i osmi Blew-Bin,I.® enjfteaS 3»i. R'A«s«sai. a>S Mi# 


Sfe*# «i 



.THERMODYNAMICS 


tho entropy.temperature diagram, starting 
from points on tho. saturation curve, it will 
ho obvious that when K„ is negative (as in 
Btoam at any temperature) a vapour becomes 
Huporaaturated or partially condensed when 
it suffers adiabatic expansion, and becomes 



Fra. 18,—Entropy-tompnmturo Diagram for 
jlcnsnino. 

auporliofttod whon it suitors adiabatic oompres- 
aion; eouvorsoly wlion K, is nogative (as for 
oxnmplo in boti’/.oiio vapour at about 100°) 
culialmtio expansion causes supotiicating, and 
adiabatic compression supersaturates tho 


flCl 


one degree while the pressure mid tiro volume 
niter so that tbo liquid is maintained on tho 
]>oint of boiling throughout the operation, 
though no vapour is formed. In oilier words, 
it is that specific heat which would correspond 
to a step up along tho liquid boundary curve 
of tbo entropy-temperature diagram. In any 
snob stop tlio quantity of boat taken in would 
by definition bo K,„dT and would bo equal to 
T d<j> l0 . Tims 


K, 


dr 


• (82) 


K„, is positive in nil liquids at all temperatures, 
When tho temperature is mucb lower than tho 
critical temperature the numerical value of 
K w does not differ greatly from that of tlio 
specific heat of tlio liquid at constant pressure, 
K,,: ns tho critical point is approached 
increases, and at tbo critical tempornturo it 
iB infinito. A relation between Kj and K w , 
originally given by ClauRiiiB, may bo obtained 
very directly ns follows. In any fluid tlio 
ontropy incrcnBca during vaporisation at con- 
Btunt lomporaturo by tho amount L/T. Thus 

L 

'/'i = 'I'm + ,jy 


On differentiating t-liis with respect to T and 
multiplying by T wo havo 


J- dT dT ' i'll' T 



Fra. Jt>.—Entropy-tompernturo Diagram for 
Acetic Acid. 


vapour or nmkos part of it enndenso. Ex¬ 
periments by Gazin [Ann. dc Ghim. el do Pliys., 
18(18, xiv, 374) show that in vapours suoli as 
Ironzono this in faot ooours within a limited 
range of temperature. 

Analogous to tlio quantity K, for saturated 
vapour thoro is a quantity IC W whioli may bo 
called tlio specific heat of saturated liquid. It 
Is tho quantity of boat required to raise tho 
tomporaturo of unit mass of tlio liquid by 

VOL. i 


or K,=3C„-|-g-^ . . (83) 

To obtain relations between tho saturation 
specific lioatB K w and K f and tlio spccifio 
boats at constant pressure nwl at constant 
volume, for liquid and vapour respootivoly, wo 
may proceed time. In any heating operation, 
tbo boat taken in (by equations (C<1) and (55)) is 


Ilonco in a stop up along tlio boundary ourvo, 
whether on tlio liquid or vapour branch, 


, v (dV\ <IP 
dT V " L U'iVrdT’ 


giving for tho liquid 


K -K -T® d I 

. (84) 

and for tho vapour 


K -K -T( dVt \ S 

. (85) 


V, lioing, ns before, tlio volumo of tho saturated 
vapour and Y, 0 that of tlio liquid. 

Again, in any heating operation (by equa¬ 
tions (50) ancl (51)) 

id=.K,<ri'VJ:(%) y iV. 

3q 
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f mnm (h'iif. 20) by wotting a wire AH with 
Wh> liquid, placing it over 0, and then draw¬ 
ing it away in the direction of tho arrow. 
J'lio force that will have to bo Applied to 
draw it away or to hold it from coming Imuk 
in whom l is the longtli AH and S is the 
lonaimv of tho surfaeo layer on each side of 
Iho film per unit of length. Tho quantity 
N ho defined measures tho surfaeo tension of 
tho liquid. Tn drawing tho rod away through 
any distninso a: in tho direction of tho arrow 
tho wnrlc done in forming tho film in 2R?.r, and 
lliin work is atomd in the fcwn surfaeo layers 
of tlm film, for it is recoverable by lotting tho 
roit all]) hank, 11 on no the energy stored in a 
single surface layer, in otmHcquoneo of bu r- 
fneo tension, is numorieally equal to K jior 
unit urea of surface. Tt follows that tho 
surface onnrgy of a spherical (Imp of radius 
>' 'H 47r)"H, s is a quantity to bo dotormined 
by experiment in any liquid ; it iH a funotion 



Kiti. an, 


of tho temperature), boooiniug Binallor wiion tho 
temperature is raised. 

Tint Hplierioal form whioli a froo drop assumes 
is tho form u’hlch will mulco tho surfaeo 
energy (for a given volume) a minimum. A 
drop routing on a mipport taken such a form 
as will make its total potential energy a 
minimum, namely tho sum of tho energy of 
surfaeo tension and the energy of position 
whioli tlio drop possesses in eonsequcnco of 
tiio height of its tionlro of gravity abnvo tho 
level of tlio support. 

Tinugimt now a drop to bo ova]iorating imdor 
conditions that keep its tempomturo constant. 
Energy has to ho supplied in proportion 
(u iu loss of mass to provide for tho latent 
heat of tlio vapour that is formed. Hut tho 
drop is losing surfaeo energy bcoimso its 
surface is getting Icbh, ami to homo ox tout 
(jiis nwluotion of surfaeo energy supplies 
lim latent boat tlmt is inquired i only tlio 
li'inaindor has to lie supplied front outside 
(Jus drop. ConBCfpionily a drop will continue 
to evaporate into an atmosphere which 
would be saturated with reap eat to tlio snmo 


liquid in hulk. There can bo no equilibrium 
bolivcen a drop and a surrounding atmosphere 
of saturated vapour. As the drop gets smaller, 
a stage is reached when tho loss of potential 
enorgy duo to con traction of tlio surface is 
sulTieiont to supply all the latent bent of the 
vapour that is passing off. After that tlio 
evaporation of the drop would cnmplolc itself 
without any further supply of heat, if surfaeo 
tension continued to operate in tho same 
way. 

For tlio same reason a drop cannot form 
except around a nucleus, and tho larger the 
nucleus tlio more readily it forms. To make 
drops form, tho surrounding vapour must be 
supersaturated to an ox Lent which depends 
on tlio smallness of the nuclei. Wiion pnrtiulcs 
of dust are present in expanding vapour, 
tho first drops to be formed use them for micloi, 
ns was shown by Aitkon (Trans. ft.N.IS, vol. 
xxx.), and only a small amount of supor- 
Hftturatlrm is required before such drops 
begin to form. 

Experiments by 0. T. II. Wilson (Phil. 
Trans., 1837, 1880) show that when dust- 
freo air containing water-vapour is suddenly 
oxpauded clouds are formed, hut only when 
there is much Hiipersaluration of the vapour. 
The water pnrtides composing these clouds 
are formed around nuclei which may consist 
of accidental conggregn tioiiH of the mole¬ 
cules of the gns itself, or of electrically charged 
molecules, such as arc always present in am all 
numbers. Tlio presence of an (tkinbriu charge 
greatly favours condensation of the vapour 
upon any nucleus. Ah mi electrified drop 
ovaporalos, Oho eliargo remains behind; tho 
polonticil energy duo to electrification there¬ 
fore inorouBos as the drop becomes Binnllor, 
for the onorgy duo to a constant o lee trie 
charge varies inversely ns tho radius of tlio 
sphere that carries it. Tu tills respect tho 
effect of an declrio ohnrgo is opposite to 
that of surfaeo tension. Honco when a drop 
is charged more energy has to ho supplied from 
outside to make it ovapnrato than would ho 
required if it were uncharged. An deotrtcnlly 
charged drop will therefore evaporate less 
readily than nn uncharged drop of tlio snmo 
size, and may grow Inrgor in nn almosplioro 
that iB but little supersaturated or oven nob 
supersaturated at all. In vapour which in 
slightly mi perm In rated it is found that any 
ionising notion, suoli as that of an oloolrlu 
spark, or of Kdiutgcn rays, or. of ultraviolet 
light, hringH about n cloud of condensation, 
by orcaling fresh nuclei, or by stimulating 
tho pnwors of existing nuclei through causing 
thorn to acquire an cleotrto olmtgo, 

Coil filling ourselves, however, to oases in 
whioli thoro is no oleetrifiontion, wo may 
consider how, as a oonsequenoo of surface 
tension, tlio equilibrium of liquid and vapour 
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And since dV^adfi, 

A 1 ' __ ^ 1 *' 

~-~dP = I ~dP very nearly, 

because o- is small compared with p. 

. substituting P/RT for a this approxinm- 
Inni gives 

f =ll ' i vf T= R, 1 >ioe«}r 
*1** * 1 


1 v> 
logo 


2S 

il'Hpr 


Applied to a aphorioal drop of radius r this 
(npproximately) expresses hour hig must 
l>o tho proHSuro P' in tho suporsaturated 
vapour around tlio drop in relation to the 
normal pressure of saturation P, for tlio same 
tomporaturo, if tho drop is just to escape 
shrinking by evaporation. Any increase of 
P' above the value so calculated would cause 
tho drop to grow. Tho expression also shows 
what is tlio lenst siso of drop that can exist 
in an atmoBphoro with a given degree of supor- 
Hiituration: any drop for which r is smallor 
would disappear by evaporation ; on tho other 
hand any drop for which r is larger would grow. 

It is only when tho drop is very small that 
the excess of P' over P, is considerable. With 
water-vapour at 10° 0. RT (which is treated 
as equal to l’V) is 1*30 x 10° in C.G.S. units. 
Tho surface tension of water at that tempera¬ 
ture is about 7(1 dynes pot - linear centimotro, 
and p is 1 gramme por oubio centimotro. 
Honoe p , 1<01 

log *o 3?;= T5"» 

whoro 1) is tlio diamotor of tlio drop in millionths 
of a millimetre. Tlio formula accordingly gives 
thuso results, for drops of water i 


Diameter of Prop 

In Millionths of a 
Millimetre. 

Ratio of P' to P». 

100 

1-02 

(50 

l-0fi 

JO 

1-20 

fi 

lf>0 

2 

" 3-2 

1 

10-2 


This moans, for instance, that a drop of water 
two-millionths of a millimetre in diamotor 
will grow if tlio ratio of suporsaturation in 
the vapour around it is greater than 3-2, but 
will ovnporato if that ratio is loss. Hence 
when tho ratio is 3-2, drops will not form 
mi loss there aro nuclei presont which arc at 
least big onough to ho equivalent to spheres 
with a diameter of two-millionths of a milli¬ 
metre. 

Similar considerations govern the forma¬ 
tion of bubblos in a boiling liquid. Any 


small bubble may bo treated as a spherical 
space of radius r, containing gas, bounded 
by a spherical envelope in which there is 
surfaco tension. Outside of that is the liquid 
at a pressure P. In consequence of tlio surface 
tension in tlio envelope, the pressure F < inside 
tho bubble must exceed P by the amount 
2S/r, where >S is the surface tension in the 
boundary surface of tho bubble, making 


Whon r is very small this implies a great 
oxcess of pressure within tlio bubble. If 
no particles of air or other nuclei wore presont 
to start the formation of bubbles, boiling 
would not begin until tho temporature wore 
raised muoh above tlio point corresponding 
to tho oxtornnl pressure, and then would occur 
with almost explosive violence. Once formed 
a bubblo would bo highly unstablo, for ns the 
radius increases tho tension of tho onvolopo. 
becomes less and less ablo to balance tho 
oxcess of pressure within it. This happens, 
to some extent, when wntor is boilod after 
boing freed of air in solution : it is thou 
said to boil with bumping. 

It follows that a pure liquid may bo supor- 
hoated, that is to say, raised nbovo tlio 
tomporaturo of saturation corresponding to 
tlio actual pressure. This is an oxamplo of 
a motnstfthlo state like the state that is 
produced when a vapour is siiporoonlcd without 
condensing, or whon a liquid is uuporcooled 
without solidifying. Water at atmospheric 
pressure may bo heated to 180° 0, or more 
whon it Jins boon freed of air and when it is 
kept from contact with tlio sides of tho vessel 
by supporting it in oil of its own density, 
so that tho water takes tho form of a largo 
globule immersed in oil. 

In tho ordinary process of boiling, a bubblo 
contains in gonoral somo air or other gns 
besides tho vapour of tlio liquid itself. With¬ 
out gns in it, tlio bubblo could not exist in 
stable equilibrium. With gnB in it, tho bubblo 
will bo in stnblo equilibrium when the partial 
pressure duo to tho gns provides tho necessary 
excess of tlio whole internal pressure P { over 
the oxtornal pressure P. Any reduction of tlio 
bubblo’s size would then raise tho pressure of 
tho gas more than enough to balance tho 
incrooso of 2S jr. Lot P„ bo tho vapour 
pressure inside tho bubble. If wo assume that 
tho oxtornnl pressure and tomporaturo remain 
constant, tlio partial pressure duo to the gas 
may bo expressed as ah 3 whore it is a constant. 
Then Pj^Py+a/r 3 , and tho equation 


Py-1-^P + 


2S 
r ‘ 


or P ( 



a 

r* 


dotormincs tho value of r at which the bubblo 
is in equilibrium. Tho quantity P p -P is 
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in omitted because quantities of heat are here 
expressed in work units. 

By equation (75), in any fluid the cooling effect 
in the ,1 mile-Thomson porous plug experiment is 



In the ideal gas (dV/<JT) p =V/T; lienee the 
quantity in square brackets vanishes and thoro 
in no cooling effect. 

By equation {(i(i), in any fluid, 


assuming that the specific heat does not 
vary with temperature, this gives on integra¬ 
tion PV Y =const., as in equation (4), § (l”)- 
For the entropy, energy, and total neat 
of the ideal gas wo have, by equations (38) 
and (39), in any fluid, 

T . (JB + IW dl-W 

&<P— -fjif- pp 

In tho ideal gas 

(ZE = K,dT and JI = K/T, 


In tho ideal gas T(iZV/fiT)v=P> hence 
dE=K ( <ZT, 

and since K,, ih indopeiulont of tho pressuro 
it follows that tho intornal energy of tho 
ideal gas doponds upon tho tomporaturo alono. 
The ideal gas exactly obeys Joule’s Law. 

By equation (09), in any fluid, 

In tho ideal gas T{ffV/dT),,t= V, lionco 

dl ~ Kj/fT, 

and since K p is independent of tho pressuro 
it follows that the total heat of tho ideal 
gas also depends upon the temperature alone. 

These results show that a gas which conforms 
exactly to the olinraetoriHUe equation PY = ltT 
('.I' being the lemporalure on tho thermodynamic 
scale) eon forms exactly both to Boyle’s Law 
(L»V constant for any one tomporaturo) and 
to Joulo’s Law (E n fnnotion of tho tompera- 
turo alono). It is thoroforo " porfoot ” in tho 
Honso of § ( 12 ). 

When tho equation PV=RT was intro¬ 
duced in § ((!) the symbol T denoted tomporaturo 
on tho scale of the gas thermometer, that is 
to say, a sealo defined by tho expansion of the 
gas itself, and the gas was assumed to conform 
exactly to Boyle’s Law. But if it also con¬ 
forms' oxantly to Joulo’s Law, tho scale of 
tlio gns thormomotor coinokles with tho 
thermodynamic scale (§ ( 22 )). 

By equation (fllkl) for the adiabatic expansion 
of any fluid, 

SdP\ _ (dV \rp 

\dv)t' y w) L 

Honoo in tho ideal gas 

(dV\ _ P 
W* 7 v ' 

Ho that in tho adiabatic expansion of an 
ideal gas d y 


and since PV=RT, 




1? 


Iv V A 

T7 -y = 0, 


If now wo make tho further, assumption 
that 7 is constant, which is equivalent to 


If, as before, wc assume that the specific 
heat does not vary with tho tomporaturo, 
theso results give on integration 

E=K,T + const., 

I=Kj,T+const. f 
0 = K„ log, T + R log, V + const. 

=K„ log, T - R log, P + const, 

Tho values of tho constants of course 
depend on what initial state is chosen as tho 
starting-point of the reckoning. When wo 
are concerned only with ohatigea of E, I, or 
i/> tho integration is between limits and the 
constants disappear. 

As an example, consider tho ohango of 
entropy which occurs in Joule’s experiment 
{§ ( 12 )j when a gns, originally contained in ono 
vessol, expands without doing work ami with¬ 
out taking in or giving out lient, so as to 
distribute itsolf between that vessel and 
another. Let V bo the original volume and 
V' tho grontor volume after expansion. With 
an ideal gas thoro is no ohango in T or in E 
or in I. But the above expression for <f> 
shows that, as a result of the irreversible 
expansion, tho entropy lias increased by tho 

amount ' 

0 '- 0 =R(log,V' -log, V) 

or '' ■ ■ R(log,P-log,P'). 

Though tho system has lost no enorgy it lias 
lost availability for conversion into work. 
A quantity of enorgy has been dissipated which 
is equal to the work that might liavo been dono 
lmd the gas expanded rcvorsibly from tlio 
samo initial to tho same filial state without 
ohango of temperature, namely, 

f V PdV = f *£?dV=RT(log, V' - Iog„ V). 

ly - f V V 

Wo may regard that amount of work as done 
. intovnally, in giving kinetic energy to tho 
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i°« i \rH l> 3 
7 log Pi-log IV 


Values of y are accordingly found by observ¬ 
ing those thrco pressures. Experiments l)y 
Diiimnoi 1 and Pringsbcim, using this method 
in an improved form, give 1-4026 as tlio valuo 
of -y for normal air. 

Similar me thuds of experiment applied to 
other gases have shown that in all tlio light 
Hiutomio eases, snob as hydrogen, oxygen, 
nitrogen, carbonio oxide, nitrous oxide, the 
value of y is approximately 1-4 at ordinary 
temperatures. It becomes somewhat less 
wlwsti the gas is strongly heated. They havo 
also shown that in monatomic gases, such as 
holimn or argon or moronry-vapour, the valuo 
of y is vory nearly 1|{ and does not change when 
tho gas is hunted. In triatomio and poly- 
utomio gases, on tho othor hand, tho experi¬ 
mentally found values of y do not exceed 1-J 
uml are generally less, especially when tho 
«ns is heated, In waler-vapour, for example, 
and in carbonic aoitl gas, both of which aro 
triatomio, y is about 1-3. 

'riieso experimental results agreo with whnt 
in to be expected from Urn molecular theory 
of gases. According to that theory tho 
energy 10 in a gas is due to movements on the 
part of tho molecules, In a monatomic gus 
hi i listentiully all tho energy consists of tho 
kinetic energy which tho inolcoulos havo in 
omtHuqnonco of their movomonts of trans¬ 
lation, In any gas tho inolcoulos havo thrco 
degrees of freedom of translation and each of 
tlioso degrees of freedom oontributos to tho 
whole onorgy E a quantity equal to £IIT 
(nee § (00)). Ocmsoc|uontly in a monatomic gas 
tlio wholo onorgy is equal to ijRT. This makes 
K„ equal to JR, with tho result that (sinco 
IC„ « K„ -1- R) K is JR and y is ljj. In a diatomio 
gun the molooult'H still lrnvo energy of trans¬ 
lation equal to fllT, but in addition tlioy 
havo ouorgy of rotation about axes transvorsc 
to tho lino joining tho two atoms of tho 
molocmlo. Thoro are two ofTcotivo degrees of 
freedom about such axos, and it follows 
from tlio theory that caoh effective degree 
of freedom of rotation takes up tho same 
amount of onorgy ns oaeli dogreo of freedom 
of. translation. This brings tlio valuo of 
K up to §RT, making IC U equal to §R, K p 
to 5.R, and y to 1J-. If tho innlooulca liave 
any appreciable energy of vibration tho effect 
of that is to inorouso K,andK p and to reduce y. 
This is found to occur when tho gas is Btrongly 
boated, but at ordinary tompornturcfi tho 
obaorved valuos of tho spooifio heats and of 
y show that vibration doos not contribute 
any suhstantial part of the whole onorgy. 
In heavy diatomic gasos, on tho othor hand. 


such ns chlorine or the vapours of the other 
halogen olements, there is considerable energy 
of vibration oven at moderate temperatures, 
which increases both of the specific heats 
and makes y less than 1-4. The energy of 
vibration that affects the specific beat consists 
of to and fro movements on the part of the 
atoms that make up tho molecule. In n 
monatomic gas there is no possibility of this 
kind of movement. In most diatomic gases 
it is negligible until the gas is strongly heated, 
but with heavy atoms like those of chlorine, 
vibrating with a comparatively long period, 
it forms a sensible part of the whole energy 
even when tho gas is cold. In gases that 
havo more than two atoms in the molecule 
thorc are three effective freedoms of rotation. 
Tho energy due to translation and rotation 
together is therefore equal to 3RT, which, if 
thoro were no vibration to bo taken account 
of, would make K„ equal to 3R, K„ equal to 
4R, and y equal to 1J. The effect of vibration, 
oven at ordinary temperatures, is to nmko 
y loss, especially in gases with complex mole¬ 
cules whore there may bo many kinds of to 
and fro movements, with various periods, on 
tlio part of tho atoms within tho molecule. 
The general principlo holds that those vibra¬ 
tions which havo a long period aro oxcited at 
comparatively low temperatures, contributing 
to tho energy and augmenting the specific 
heat, whoroas thoso of short period aro not 
oxcitcd and do not contribute appreciably 
until tho temperature ia high. 

This prinoiplo finds expression in a formula 1 
devised by Planck to connect the energy which 
ia contributed by vibrations of any particular 
froquonoy with tho temperature, when a 
state of equilibrium has been readied through 
tho mutual encounters of the molecules. 
According to Planck’s theory the vibratory 
onorgy per grninmo-moleoulc of any gas, 
corresponding to any given frequency is 
Vo _ N/tr 1 

wlioro N is tho number of molecules in a 


gramme-molecule, h is a constant known as 
Planck’s constant, which is tlio samo for all 
gases and is approximately equal to 0-66 x 10~ 27 
in C-.G.S, units. R, ns usual, is tho gas- 
constant, whoso value per gramme-molecule is 
1-986 thermal units or 83-1 x 10° ergs, and e is 
tho base of tho Napierian logarithms. In a 
gas whoso molecules aro capable of more than 
one modo of vibration tho wholo vibrational 
onorgy would bo tho sum of as many separate 
terms, in this form, as there avo modes. At 
any ono frequency lot tho quantity N/ir/RT 
bo represented by x, Then Planok’s formula 
becomes x 

e 0 =-Art. 


1 See article " Quantum Theory,” Vol. IV. 
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This is truo own at temperatures much 
above tho critical temperature, and the 
deviation from lioylo’a Law becomes mors 
and more marked as tho critical point is 
approached. At any constant temperature 
holow tho critical temperature tlio product 
VV diminishes with increasing pressure until 
tho pressure of saturation is reached, at which 
tho gas liquefies. Ahovo tho critical tempera¬ 
ture an isothermal generally hns a minimum 
of PV at a particular pressure, tho valno of 
which dopemls on tho temperature T for which 
tho isothermal is drawn. This will ho soon in 
tho figure, which gives Amngat's isothermnls 
for carbonic acid at various tompomturcs 
above tho critical temperature. With rising 
values of T in any gas tho position of tlio 


Tho volume of tlio molooulcs constitutes nn 
appreciable part of tho whole volume V 
occupied by the gas, and it is only after making 
a deduction for it that wo liavo tho volume 
that can bo reduced by applying more pressuro. 
Tliero is srniio attraction between the molecules, 
which causes a small part of tho energy of tho 
gas to ho duo to their mutual attractions and 
assists tho external pressuro I’ in proven ting 
tlio gas from expanding. Van dor Wan Is has 
endeavoured to frame a ehamctoi'istio equation 
which will take account of those two effects. 
If tho first olEcot stood alone we should have 
P(V — &) = ltT where 6, which is onllcd the 
co-voluino, represents tho deduction duo to 
tho volumo of the molecules, Tho attraction 
between molooulcs will depend on tho number 



Fio. 21.—AmnRnt'B isothcrmals for Hydrogen. 


minimum of PV nn tlio iaoUiormnl shifts 
flint to tlio right, and then (ns tho tompomliiro 
is further raised) to tlio loft. Accordingly, 
when T is much ahovo the oritioal lomporaluro 
tho whole isothermal may consist of a lino 
sloping upwards with inoronsing P. This is 
tho case with hydrogen at ordinary tompora- 
turos (Fiy. 24), though nt much lower 
toinpoi’atui'ca tho i ho therm rIfs would at first 
slope down towards a minimum, and conse¬ 
quently (see § (50)) tho Joulo-Thomson offoct, 
which doponds in part on tlio valuo of 
(<l(W)ldl}) v sulYoi's inversion. 

Tlio molooular tlioory sliows that a gas 
cannot bo expected to conform to tho ccpiation 
PV=RT unless (1) tlio size of tho molooulcH 
is indoflnitoly small compnrod with the 
tlistftiicofl travorsed by thorn boLwcon their 
onoountors, and (2) no apprcoiahlo part of 
tho onorgy of the gas is duo to tho mutual 
attraction of tlio molcculos for one anothor. 
In a real gas neither of Ihoso conditions holds. 


which arc at any moment ho near ns to bo 
oxoroislng mutual forces i on any unit piano 
within tho gas this will bo proportional to 
tho square of tho density. Accordingly Van 
dor Wnnls takes «/V fl ns tho term to bo added 
to I\ Ho treats a and b ns constants for any 
particular fluid, anil bo obtains tho equation 

( p+ v«)( v -‘)“ RT . . (ol) 

ne a oharnotoriBtio equation applicable to any 
homogeneous stale, gnsomm or liquid, It docs 
in fact represent coinprolionsivoly the chief 
phenomena of both states, and also those of 
tho oritioal point, but when examined in 
detail it fails to give oxnct results. If tho 
constants are adjusted to bring tlio formula 
into closo agreement with one sot of observed 
phenomena, such ns tho relation of volumo 
to proBsuro along an isothermal, there are 
quantitative discrepancies in other phenomena 
snoh as tho Joulo-Thomson cooling olfect, 
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KntiufioH Vnu dor Wanin' equation, write tlio 
e<lu«tion in (ho form 

„ RT _ a 
' V-6 V»’ 


from whioh 

/dl 1 ' 

i -RT 

2 n 


Wv, 

't~ (V —6) a 

+ \7i3 

and 

(d\ l*' 

> 2UT 

firt 

W\ 

'r ~ (V ~b) 3 



At the critical point, in any fluid, 


Honoo, writing T c , 1 J C , mid V ( , for tlio critical 
temperature, pressure, and volume, wo should 
luivOj in a Van dor Wnals fluid, 


RT C 2 n . 2RT 0 Go. 

w;-b)*~v? (y;-i>y- v/ 

2 3 

Tiiis givos y g -~i ) = Y < ’ 

from which V,~36 

H> follows also that 

m B n. . . ... a 
io_ 27 Ri> an(l ^ 0 276*" 

Thus if tho Constanta a and 6 ns well nR It 
wovo known for a gas which Rlrlctly mitMcd 
Van dor WuhIh’ equation, tho oritionl volume, 
temperature, ami pressure might ho calculated: 
or convorsoly tho constants might Ijo inferred 
from known values of T c , I.*,, and V c . 

§ (00) CORHKflVONDINU STATES. 1 —If WO llftVO 

two or moro dilToront fluids to whioh Vim dor 
Wnals’ oquation npplios, witli difforont con- 
ntanta for each fluid, an important rolation 
bo two on thorn can ho established by selecting 
scales of tomporaturo, pressuro, and vohuno 
Buell that tho critical tomporatures of tlio 
different fluids aro oxprossed by tlio same 
numb or, tlio critical pressures by tlio Bamo 
number, and tho critical volumos by tlio same 
numb or. Isothermal curves drawn to theso 
soales for tho difforont fluids will thou coinoido : 
in othor words, a single diagram will show tho 
relation of P to V in all tlio fluids, when it is 
ronil by roforonco to tlio appropriate ecnlcft. 
Similarly a singlo diagram will show tho 
Amagat curves for all. Any point taken in 
ruoIi a diagram, interpreted on tho proper 
Kmilo, marks a doflnito state for onoh fluid; 
nnd for tho difforont fluids it marks what aro 
called “ oorroaponding states.” Thus fluids 
aro said to bo at corresponding pressures when 
their prossuros boar tho saino ratio to tho 
roapootivo critical prossuros: they nro said 
to bo at corresponding volumos when their 
volumos hoar tho samo ratio to tho rospcolivo 


1 Sco also "Thermal Expansion," § <10), 


critical volumes, and nt corresponding tempera¬ 
tures when their temperatures boar the samo 
ratio to the respcctivo critical temporal ores. 
If substances conform to a chnraotemtio 
equation of tho Van dor Wnals tjpo nil threo 
quantities I’, V, ntul T, siinultancmisty hnvo 
corresponding values in the senso here defined. 
To put this statement in another form, lot 
tho unit of temporatuvo chosen, for each fluid 
bo its (absolute) critical temperature, tho 
unit of volume its critical volume, and tho 
unit of pressure its critical pressure. Then 
one family of curves, either on tho pressuro- 
volnmo diagram or tho Amagat diagram, will 
serve to represent tlio iso thermals for all 
fluids that conform to n oharnotoiklio equation 
of tho Van dor Wanla typo. 

That this is true of any fluid to which tlio 
Van clor Wauls equation applies will bo 
soon by reducing tho equation to a moro 
general form. Take any such fluid, in any 
givon state, and write its pressure 1? as }) r P„ 
whore p r is tho number by which tho pressure 
is stated when wo ubo tho critical pressuro P„ 
as tho unit of pressuro. Similarly for V write 
v t .V c whore v r is tho numhor by whioh tho 
volume is Htalcd when wo use tho oritionl 
vnlumo V,, ns tlio unit of vohuno; and for 
T write f,.T e whore t r is tlio number that 
expresses tlio (absolute) temperature when 
wo lido the critienl temperature T„ ns unit 
of tonqiomtiirc. The quantities ji t ., v r , and 
t r aro called tlio “ reduced ” pressure, volume, 
mid lomporaluro rcHpeotivcly. 

Then Profit* 


V=v r V fl =ai r . 36, 


On Biibstituting these values in Vnu dor Wnals’ 
equation, 


(P + ^)(V-6) = RT. 


it will bo scon that tho constants a, b, niul It 
cancol out, and tho equation becomes 

' (pr+-^)(Vr-i)=|^ • • (02) 

Tlio constants that characterised a particular 
fluid liavo disappeared. Accordingly this 
“ reduced ” oharaotoristio equation, ns it 
is called, is truo of any substance that satisfies 
a Vnn (lor 'Wnals equation; and coiiBcquenlly 
tho forma of tho curves connecting p r , u r , and l r 
aro tho samo for all such substances. 

This iB tho theorem of corresponding states, 
first emmoiated by Van dor Wnnla It was 
tested by Amagat and found by him to bo 
nearly truo of a number of fluids which lie 
examined through a wide range of conditions, 
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iih hydrogen is at ordinary tompomtures, and 
as any gas will bn when T is sufficiently high. 
At the tompornturo of inversion the slopo 
of the Aniagttt isothermal becomes equal to 
1iC “ In the usual ouso, when the gas is cooled 
% throttling, tho isothermal slopes up less 
steeply than this, or slopes down. 

§ (02) MiXTimu of Casks.—W hen a vessel 
of constant volumo contains a mixture of two 
or more gases in equilibrium, tho pressure 
on tho containing walls is equal to tho sum 
of what aro called tho partial pressures of tho 
constituents. The partial pressure of each 
constituent gas is tho pressure which it would 
oxort on the walls if all other gas woro nbsont. 
This was oxporimontally discovered by Dalton 
inul is known as Dalton’s Law. It is very 
nearly true of real gases and vapours at 
moilerato pressures, and is oxactly truo of tho 
ideal perfect gases of thormodynamio theory. 

Dalton’s Law serves to determine tho amount 
of water-vapour that will bo present in air, 
at any assigned lompomture, when tho 
atmosphere is “saturated,” that is to say 
when there is equilibrium in respc.ot of evapora¬ 
tion, between tho atmosphere and a Hat 
surface of water at tho snmo temperature. 
Tho partial pressure of tho wator-vapour in 
the air will ho equal very nearly to the pressure 
of saturated water-vapour at thosamo tempera¬ 
ture, and tho quantity of vapour present, per 
unit volume of tho air, will be equal to tho 
density of saturated wator-vujmur at that 
temperature. 

'Tho principle, of which Dalton’s Law is ono 
manifestation, may bo comprehensively stated 
by saying that in a mixture of perfoot gnscs 
each constituent bolmvos as if tho others 
wore not thoro. For any given volumo and 
temperature of tho mixture, ouch constituent 
quantity that is presont contributes to tho 
pressure, to tho onorgy, to tho total boat, 
and to the entropy, just what it would con¬ 
tribute if it alono occupied tho given volume 
at tho given temporaturo. 

Imagine two vossols A and B of constant 
volumo, containing two different gnscs a and 
11 , both at tho Biuno tompornturo and pressure, 
with a partition bolwcon them through which 
an opening can bo made, say by having a slldo- 
valvo in tho partition. When oomnuinioation 
is opened a process of diffusion begins wliioli, 
aftor a snlTloiont timo, causes both vessels In 
contain ono homogeneous mixture. It is 
assumed that tho gases do not oxort any 
chemical notion on ono another. If no boat 
outers or leaves iho apparatus during tho 
process, tho lomperaturo and tho pressure are 
found to have undorgonn no change. From 
this it may bo inferred that tho gas a originally 
in A oxpunds into B as if tlio othor gas ft wore 
not thoro, mid tho gns ft oxpands into A ns if 
tho gas a woro not thoro. Each gas behaves 


like tho gns in Joule’s experiment (§(12)); 
it expands without doing work mid lioithor 
its temperature nor its internal onorgy is 
changed: consequently tho mixture keeps tho 
same tomporalnro, and tho onorgy of tho 
mixture is equal to tho sum of tho on orgies 
which tho constituents had at first. Tlio 
partial pressure P a of ono constituent lias 
(by Boyle’s Law) changed from tho original 
pressure P to PV A /V', whore V'=V A -t V,,, ami 
tho partial pressure Pg of tlio other constituent 
has changed from P to PV n /V'. lionco 
P= P a H-P/j as Dalton’s Law assorts. Thus tho 
observed fact that when gases bceomo mixed 
by diffusion tlioro is no change of toniporaturo, 
providod no boat is taken in or given out and 
no oxlornal work is done, allows Dalton’s Law 
to bo anticipated from tho othor properties 
of perfect gases. 

Though the process of diffusion docs not 
nltor tho energy of tlici Ryslom it is an irrovors- 
iblo process, and tborofore must bo expected 
to inoronso tlio entropy. That it does so i« 
oloar from a comparison of tlio ontropy before 
and after mixture, using tho ox pres b inn for 
t/> in § (57). Say that there aro M„ units of a 
and Mp units of ft in the mixture, Tho 
specific volumo of tho a constituent changes 
from V A /M„ to Before mixture tonic 

plaoo its ontropy, per unit of mass, wns 

Va 

•{'a. —K P logoT +11 logr-^j H-oonsli, 

Aftor mixture it in 

Y' 

ift'a.— IC„ log,. T -I- It log,.. -I- OOUHt. 

iw« 

Honco tho inorcttso of ontropy for tiio wbolo 
constituenta 

Ma(r//a~ lt(Iog„ V' - logo Va). 

Similarly for tho constituent ft, 

- '/ip)-M/jR(!og., V'-log, Vn), 

and adding llieso torinH wo liavo tho inorcaso 
of ontropy that results from mixture, for 
tho system as a wliolo. Tho calculation may 
obviously bo oxtomlcd to a mixture of morn 
than two gasos, 

Tin’s inoronso of ontropy implies that onorgy 
is dissipated when gases mix by diffusion 
or otherwise. When tho gases are £ op am to, 
in A and B rcspcotlvoly, tho availability of 
tlio system for doing work is greater than when 
thoy are mixed, though tlioro is no change 
in temporaturo or pressure or energy. To 
real iso this wo havo to think of sonio way 
by which tho system, with sopnrnto gasos, 
can bo made to do worlc. Imagine tho 
partition to bo mado of sumo porous material 
but to inoludo what chemists onll a scJMi- 
pcrmeulk membrente, snob as will allow ono 
of tho gases to pass hut will bold tho other 
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gas from passing. Membranes that have the 
property of being permeable to one substance 
and not to another are well known, and their 
action involves no breach of thermodynamic 
laws. Asanmo then, that the partition allows 
the gas a to pass but not the gas ft. The 
result is some of the gas a passes into B and a 
difference of pressure is sot up in the two 
vessels. The gas a will continuo to diffuse 
into the gas ft against this difference of pressure, 
until its partial pressure in vessol B is equal 
to the pressure of what is left of that gas in 
vessel A. The total pressure in B will thon bo 
P+P«, and the pressure in A will bo P„, whore 
P« is, ns before, PV A /V'. From the system 
in this state it is obvious that work could 
ho obtained, by allowing the pressures to 
become equalised through an engine. Tho 
change from the original condition of llio 
system took placo without any interference 
from outside: it was thermodynamically “self- 
acting.” Hence tho system, in its original 
condition, had an availability for doing work 
which is not possessed when tho gases are 
completely mixed. If a somi-pormoftblo 
membrane wore fixed between tho vessels 
after oomploto mixture had taken placo it 
would bo without effect, for tho partial 
pressure of the gas oapablo of passing it 
would then be tho samo on both sides, and any 
diffusion through it would go on equally in 
both directions. 

Planck ( Thermodynamics , Trane. p. 211 ) 1 ms 
desoribed an imaginary dovico for separating 
the constituents of a mixture of two gases 
without taking in heat or doing work and 
without change of temperature. There are 
two semi-permeable partitions, one fixed 
and one in tho form of a moving piston which 
traverses tho mixed gases whilo another 
piston enlarges tho capacity of tho containing 
vessol. One of tho membranes is permeable 
to gns a and tho other to gas ft. Wlion tho 
mixed gases have been separated by this 
device each of them occupies a volmno equal 
to that of tho original mixture. Tho process i 
13 reversible : there is no cliango of entropy, i 
and therefore tho system recovers no avail- f 
ability for doing work. Tho oxtont to which ] 
tile aggregate volume lias boon increased e 
neutralises tho thermodynamic advantage i 
of the separation. Planck uses tho notion < 
of this device to establish tho proposition t 
that tho entropy of a mixture of (porfoot) v 
gases at a given tomporaturo is equal to tho ii 
sum of tho ontropioa wliioli tho constituents o 

lf ’ ftt 41,0 8/1,110 temperature, p 
each of them separately occupied a volume p 
equal to tho volume of tho mixture. is 

§ (61) the loss of availability on mixing P 
tho gases is M a ty a -^ a ) + tl 

i each constituent, since there is no cliango in hc 
E, rf, «, T (0 - 0 ), Hence, this expression I P 


lie for tho loss of availability is equal In tho 
rx> gain of entropy multiplied by T; 

I'S “ ^taT(f/j a - tJin) M/jT (tf/f) - l/i/|). 

io § (6d) Solutions, —Tim application of 
a thormodyiianiio reasoning to Urn hIik ly of 
■o solutions is now an important part of thu 

10 seionco of Physical Chemistry. Only a few 
o, of tho salient pointH can he noticed here. In 

11 the theory of solutions much use is made of 
n tho notion of hypothetical somi-pornimhlo 
o membranes, and on the experimental wide 
o ro, d soil) i-jionnoal )le memlirnnes servo lo 
n oxhibit fundamental fuels and to furnish 
[1 necessary data. (.homisls can eause partite ms, 

[> otherwise porous, to eon tain and support a 
o momlmmo which will, for oxiituplit, 
d allow water to pass freely but will not allow 
j a substance dissolved in tlm wator to puss; 

. mid such somi-pemicftble partitions can 
I ho mndo strong enough to stand, without 
: clamngo, a largo difforenee of hydrostatic 
, pressure on the two sides. Thus it is inoelumio- 
, ally possible to have such a partition separate 
i ft quantity of the solution at one pressure 
, from a quantity of the solvent, or pure liquid 
ftt a lower pressure. Tim constituents of a 
’ «««««» ™ay bo present in various proportions, 
but in wlmt follows we shall ooniino ourselves 
to considering solutions with (wo constituents, 
one of which makes up nearly all the muss and 
is called tho solvent. 

Imagine now two vessels W and H (t>’w, 2 fi) 
separated by a fixed semi-ponneable partition, 

I lie vessel ,S con¬ 
tains a quantity IP I PH- p 

of a solution, ri . t n y 

and W eontnins --- -— 

a quantity of the So/uant Solution 
pure solvont, at w = _ 

the samo tom- ” | S 

pomturo. Tho _Jf|___ 

partition is por- *—-—-——_—_ 

moablo by tho Fid, 20. 

solvent, but not 

by the dissolved Bulmtanco. It is found that 
some of tho solvent tends to puss through the 
partition from W into S, weakening tho 
solution, Lilia oan only ho prevented by 
increasing the pressure In 8 by a certain 
definite amount P 0 . Wo may think of tho 
two vossom as having pistons by moans of 
wliioli pressure may ho applied to tho liquid 
m ouch. . Whatever bo tho fluid pressure ],* 
on tho Bido of tho mcmbmno that faces tlm 
pure solvent, there, must bo a greater fluid 
pressure P + P # on tlm othor sido if oqulllbriiitn 
is to bo maintained, Tho oxcoss fluid pressure 
1 o on tho sido that faces tho solution, when 
tho solution is in equilibrium with tho pure 
Holvont on tho othor sido, la called tho Osmotic 
Pressure. 


Fid, 20. 
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The amount of tho osmotic pressure depends, 
for a given dissolved substance and a given 
solvent, on tho “ concentration ” or quantity 
of tho dissolved substance that is present 
per unit of volume of tho solution. It is 
increased by increasing the concentration : 
it is also increased by raising tho temporaturo 
of the system, We may think of it ns a 
“ partial pressure ” duo to tho presence, In 
that volume, of tho particles of the dissolved 
su hstanco, This partial pressure is to be added 
to the-partial.pressure duo to the other com¬ 
ponent of the solution, namely, the solvent, 
in determining tho total pressure. From this 
point of view tho somi-pcrmeablo membrane 
is oxposod on ono Bide to tho pressure of the 
solvent alone, and on tho other sido to tho sum 
of two partial pressures, ono duo to tho dis¬ 
solved aubstanco and tlm other due to tho 
solvent. Ilonco if tho total pressure P woro 
made tho oamo on both sides, that part of it 
which is duo to tho solvent would ho less on 
tho solution side, and consequently tho solvent 
would tend to flow from W to S'in tho effort 
to bring its partial pressure in S up to equality 
with its pressure in W. This explains why 
under equilibrium conditions tho total pressure 
in S must ho greater, by tho amount of tho 
partial pressure of tho dissolved substance, 
which oxcoss constitutes tho osmotic pressure. 

If tho excess prossuro actually applied 
to tho solution in the vessel S is less than llio 
osmotic prossuro P 0 some of tho solvent will 
flow from W to S. On tho other hand, if an 
oxcoss pressure greater than P 0 bo applied, 
Bomo of tiro solvont will pass out of tho 
Holuticm into W. Thoso oliaugos will go on 
until tho solution becomes sufficiently less or 
more concentrated to allow equilibrium to be 
again attained. 

It was pointed out by Van’t Hoff (Phil. 
Mur/,, Aug. 1888) that in dilute solutions 
tho molecules of tho dissolved substance act, 
in solution, liko tho molecules of a gas in this 
Bonso that tho partial prossuro which they 
oxort is tho Hamo as would bo exerted by an 
equal quantity of tho samo substanoo in the 
gaseous state, occupying tho sumo volumo, 
namely, tho volumo of tho solution, at tiro 
same tomporaturo. ThuB tho osmotio pressure 
in a dilute solution may bo approximately 
calculated at any temperature and for any 
(small) concentration by inforonoo from tho 
gas equation PV = 11T, on the baBis that the 
dissolved substanoo contributes pressure liko 
a gas whoso density is tho quantity of dissolved 
substance divided by tho volume of tho 
solution, This applies whothor tho dissolved 
substance Is itself a gas, a liquid, or a solid ; 
it may, for instanoe, bo a substanoo that is 
non-volatile at tlm given tomperaluro. It 
follows that tho osmotio pressure in woak 
solutions varies in dircot proportion to tho 


absolute temp cm taro. Also that, at any ono 
temporaturo, tho osmotic pressure varies in 
direct proportion to the quantity of dissolved 
substanoo in tho solution. Also that when 
solutions of different substances havo tho 
sumo osmotic pressure at tho same temporaturo 
thoy contain tho sniuo number of molecules 
of dissolved substance per unit of volume. 
Theses remarkable conclusions of Yan’t Hoff 
are found to bo true of very weak solutions, 
in which tho osmotio pressure is not so great 
as to make tlio deviation from tho gas law 
considerable, provided tho molecules of tho 
dissolved subatanco do not undergo dis¬ 
sociation bub retain their chemical clmraotor. 
Thoy are olosely true, for example, in diluto 
solutions of sugar. In solutions of oleotro lytic 
salts or other electrolytes, however, there 
is, ns was shown by Arrhenius, tnuoh separa¬ 
tion of tho dissolved molecules into their 
constituent ions, with the result that the salt 
contributes more than ono partial pressure, 
and tho osmotio pressure is consequently 
greator than it would be if there woro no 
such oliomical change, 

It may naturally be ashed why, if a substance 
dissolved in water behaves there liko a gns, 
it does nut escape into tho atmosphere when 
the solution lies in an open vessel, Tho 
answer is that at the free surfaco of tho 
.solution tho effects of surfaco tension make tho 
free surface virtually act as a scim-pormeablo 
mombmno, through which molecules of the 
water may pass while those of tho dissolved 
substance-aro hold back. Similarly, a gns may 
bo absorbed into solution by 
a non-volatilo liquid through 
a freo surfaco which is oxposed 
to oontnob with tho gas, bo- 
oau 80 tho surface is equivalent 
to a moinhrftiio pormoablo 
by tho gas, and not by tho 
liquid. 

Tho vapour given off by n 
solution of n non-volatilo aub- 
stanco is composed entirely 
of tho solvont, At any given 
tomperatnro its pressure is 
lowor than tho vapour-pressure 
of tho pure solvont, to an 
oxtcnl that doponds as follows 
on tho OBinotic pressure and 
tho relative density of the 
vapour and the liquid. Lot a 
tall vortical column of homo¬ 
geneous solution with ft freo surfaco (Fig. 27) 
bo in equilibrium, tiirough a somi-pormoablo 
partition at its base, with a quantity of tho 
pure solvont, thowholo boing enclosed inavossol 
in whioh tho only atmosphere is tho vapour of 
tho solvont. The whole system is at a uniform 
tomporaturo T, Since it is in equilibrium 
tho height h of the column of solution must 
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wo may consider tho solution of u gas in 
a liquid. According to that principle the 
osmotic pressure, at any temperature, should 
bo equal to the pressure which the gus would 
have, at fclin same tcmpomtnro, if it alone 
occupied a space equal to the volume of fcho 
solution. To prove that the osmotic pressure 
actually has that value, Imagine a very long 
cylinder { b'itj . SO) with a fixed partition ft 
and two movable. pistons b and c. Both a 
and c are somi-permeable: a in permeable 
only to the gas, and c only to the solvent. 


Soluont 

Solution 



L_ 

A 




Behind c tlmro is pure Kolvont; in the spnoo 
butwoon it and b there is gas; in Iho apaco 
between c. and a is tlio liquid which dissolves 
tho gas as the operation proceeds. Suppose 
the whole system to lio at one tomporaturo T 
and to lie lcopfc at that tomporaturo (say by 
a water-jacket), At the hoginning suppose 
a to bo Used ami h to hnvo boon drawn so far 
away to the .right that the pressure of tho 
gas is negligibly small. Then equilibrium 
requires that tho liquid in the space A 
shall ti< in tain no gas, or, to be exact, a 
negligible quantity of gas, for it is known 
as an experimental result (called Henry’s 
haw) that the quantity of gas which a 
liquid will dissolve is directly proportional 
to fcho pressure. Wo begin thereforo with 
practically pure solvont in tho spaco A, 
whoso volume we shall oall V*. Now imagino 
b to be slowly pressed in, compressing tho gns 
isothornmlly and causing it to bo gradually 
absorbed by the liquid in A, This is a 
rovorw bio process i if, at any stago, b wero 
stopped and slowly moved out again tho 
action would ho oxaotly reversed, When b 
reaches a all the gas is dissolved. Tho work 

spoilt in forcing tho piston homo is J ll VdV, 

0 

whom Pj is tho pressure that 1ms to ho applied 
at the finish, under which tho last part of 
tho gns passim tho partition a into tho liquid. 
Now, keeping b with an externa! pressure I 1 , 
Htill applied to it, nupposo c to ho forced slowly 
towards a. To do this will require that a 
prossuro equal to tho osmotic pressure 1’ 0 
bo applied to e, Tho solution will thereby 
ho separated into its components, tho solvent 
passing behind c, and tho gas passing through 
a and pushing out fcho piston b with the 
constant prossuro P,. P, does not oliango, 
for, as o advancoH, tlioro is no change in tho 
oonoo lit ration of tho remaining part of tlio 
solution. Whon c roaohoa a all tho gas lias 
loft the solution, and is now behind tho 
piston b, still at prossuro P 4 and occupying 


a volume which wo shall call V,. Tho work 
done by tlio gas on b is l\V v and tho work 
that has been spent in forcing in tho semi- 
permeablo jiistnn c is V a V\. Now lot tho gas 
expand isothermally till tho pressure of tho 
gas is again negligibly small: tho work dono 
in that expansion is the sumo as was origin- 
[Vl 

ally spout, namely, f PrfV. To eomploto a 
■’ o 

cycle of operations wo Iiavo only to withdraw 
r, to its original position, which requires no 
work to bo done, for it now 1ms pum solvont 
on both Hides. Since tho eyolo in isothermal 
tho work dono must ho equal to (ho work 
spout; bonce 

1\,Va=1\V„ 

which proves tho osmotic pressure 1’ 0 to be 
equal to tho pressure the gas would hnvo if 
it alono occupied tho spnoo V\, as Van’t 
Hoff’s prineiplo requires. 

Tho oousidoralimi of Holutions which aro 
not dilute, but in which tlio constituents may 
ho present in any proportions, and of solid 
solutions, such uh are found in metallic alloys, 
is beyond tlio scopo of this article. 

§ <<J4) Kl.KOTH01.VrlO Tranhi'ohm ATIONS, 1 — 
It, was pointod out in § (HI) that when the 
fundamental equation of energy 

dW^dii-dli 

is applied to a complex system, rfQ being the 
heat taken in from oulHido, and -<?K the 
decrease of internal energy, tlio external work 
(AV may bo dono in other ways than by 
expansion of volume. In an electrolytic 
system, such as a galvanic tell, the trans¬ 
formation which gooH on within tho system 
results in tho doing of electric external work, 
tho measure of which (in a small transformation) 
is l<7/c, whoro F is tho olootromotivo force 
and ele is tho quantity of electricity generated. 
In many oloolrolytio notions tlio amount of 
moohanioftl work duo to change of volume, or 
to ftltomtions of level of substances within 
the cell, 1 h negligibly small. This is the ease 
whon oloolrio onorgy is produced by a buttery 
such as Danioll’s, or when it is stored and 
restored by tlio chemical action on tho lead 
plates of a storago battory. In what follows 
regarding oloolrolytio notion wo shall conflno 
our attention to tlmso cases in which sensibly 
all tho oxtornnl work is electrical. Tho 
action may take place under reversible condi¬ 
tions i tho deposit of copper from a copper 
sulphate solution, for oxainple, such as occurs 
in a Daiiioll coll, ia exactly reversed whon a 
rovorsed ourrent is caused to pass through 
the coll. Tlio onorgy equation for a rovorslblo 
olootrolytie action, involving no appreciable 
change of volume, may aooordingly bo written 

Mc-dQ-tm. 

1 Son also avtlclo "Batteries. Primary, *' Vol. It. 
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Here dQ represents heat taken in rovorsibly 
from outside of the cell, and dE, the ohnngo 
of internal energy, represents what chemists 
call the heat of reaction in the ohemical 
changes which arc associated with the passage 
of the current. 'L'ho heat of reaction is tho 
quantity of heat that would ho generated 
(say in a calorimotor) if the samo ohomical 
action wore to take place without giving out 
electrical onergy. If tho oleotrioal onorgy 
given out by a galvanic cell woro dissipated 
within tho coll itself, instead of being employed 
to do work outside of it, dE is tho quantity 
of boat which would appear. In a Daniel! 
coll, for example, dE is tho quantity of heat 
which would appear if zinc wero consumed to 
form zino sulphato in solution, less tho quantity 
of boat whioh would appear if an equivalent 
amount of enppor woro consumed to form 
copper sulphato in solution, without tho 
production of any external electrical effect. 
It is tho difference botween tlieso quantities 
that measures tho “ heat of reaction ” in tho 
Danioll coll as a wholo, and this is numorioally 
equal to tho loss of internal onorgy that 
occurs when tho coll is employed to do 
oxtornal work hy producing oleotrioal onorgy 
rovorsibly. 

In this notion boat may or may not bo taken 
in from outside, Suppose a galvanio coll to 
bo placed in a bath of water or other iso¬ 
thermal onolosuro so that its toinporaturo is 
kept uniform. Experiment shows that tho 
quantity of heat taken in during its action, 
namely dQ, may bo oithor positivo or negativo. 
In other words, tho rovorsiblo ohomical notion 
whioh goes on within tho coll may torn! oithor 
to mako it colder or to mnko it warmer. In 
tho former oaso snmo heat, dQ, will bo lakon 
in from Clio isothermal onolosuro in whioh wo 
Imvo imagined tho coll to bo placed; in tho 
latter oaso somo heat will bo givon out to tho 
enclosure. 

A Danioll coll working rovorsibly, and 
thoroforo with an internal resistance so low 
that no sensiblo amount of tho clcctrio onorgy 
whioh it produces is dissipated within tho 
coll by tho boating olToot of tho ourront, must 
take in a small quantity of heat from outsido 
if its temporaturo is not to fall. In tho 
Danioll cell dQ has a positive value amounting 
to rather loss than ono por cont of tho output 
of oloctrical onorgy. Tho ordinary storago 
battery also requires a small addition of boat 
to maintain its temporaturo constant whilo it 
discharges. In tho Clark coll, on tho other 
hand, dQ is negative and its numerical amount 
is greater. If dQ woro zero, whioh is noarly 
true of the Danioll coll, wo should havo 
Ede - -dlC, which would furnish a vory eimplo 
moans of calculating tho olootromotivo forco 
when tho boat of reaction is known. By 
Faraday's Laws ono and tho samo quantity 


of electricity (about 90,010 coulombs) is 
required for the deposition of ono gramme- 
equivalent of any substance. From tho 
known heats of reaction of tho notivo sub¬ 
stances in a givon coll it is thoroforo easy to 
calculate tho change of tho internal energy 
E which occurs in tho passage of one unit of 
eleotricity, at constant temperature, ami tho 
value so obtained would bo numerically equal 
to E if no heat woro taken in. On this basis 
Kolvin in 18151 calculated the olootromotivo 
forco of a Danioll coll, obtaining a number 
whioh is a littlo short of tho actual value 
as do tor mined by oxporimont. When account 
is taken of tho dQ term a oorrcct value is 
deduced. 

Dircot measurements of tho quantity of 
heat which is rovorsibly taken in or given 
out during tho action of a cell are difficult, 
for tho offcot is inevitably mixed up, in any 
oxporimont, with tho irreversible development 
of boat within tho coll that arises from its 
oleotrioal resistance. But tho quantitative 
Influence of tho dQ term may bo inferred, 
without dircot measurement of the heat 
taken in or givon out, from observations of 
tho extent to whioh tho olootromotivo forco 
of tho ooll is afTcntcd by changing tho constant 
temporaturo at whioh tho coll works, This 
was shown independently by Willard Gibbs 
and Helmholtz, who thereby applied tho 
necessary correction to tho original calculation 
of Kelvin. 

Eor this purpose it is convoniont to mnko use 
of tho fuuotinn \p, or E - ']'</>, for tho system 
ns a whole. Wo saw (§ (51)) that in any system 
undergoing a rovorsiblo transformation at 
constant temporaturo tho dcoromonfc of ^ 
monsuros tho external work done. Let tho 
amount by which f is diminished whilo 
ono unit of oleotrioity is generated bo repre¬ 
sented by ifor e units tho amount will bo 
c^,, and this is equal to tho oxtornal work. 
Tho amount of oleotrioal work done whilo c 
units of oleotrioity are generated is cE. Honoo 
if nil tho oxtornal work is oleotrioal (a condition 
substantially satisfied in a coll whore volu- 
motrio or gravitational work is nogligiblo), 
cE = fii/„ or E = 

Thon from equation (7fl) (§ (51)) 


wo Imvo at onco 

. . . (07) 

whore E t Is tho 11 heat of reaction ” correspond¬ 
ing to tho passago of one unit of oleotrioity, 
and dE/dT is tho rate of olmngo of tho olootro¬ 
motivo forco with temperature as observed 
when tho coll is' on " opon circuit,” doing no 
work. Tho term T(dF/dT) corresponds to Qj, 
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tho amount of heat that is taken in, rovorsibly, 
during the passage of one unit of electricity, 
when tlio cell works at constant temperature 
T, This important expression for the cleotro- 
motivo force of a cell is known as tho Gibbs- 
Helmholtz equation. Wo may illustrate it by 
numerical values, for tho Dnniol! cell. When 
zinc replaces copper in a (moderately strong) 
solution of tho sulphate tho “ heat of reaction ” 
is found, by measurements in a calorimotor, 
to be 104,000 joules per gram mo-equivalent 
of either metal. Tho corresponding quantity 
of olcolrieity is 00,040 coulombs. Thus E t is 
WoW or 1‘080(1 joules per coulomb. The 
oieotromotivo forco of a Danioll coll would 
thoroforo bo equal to 1-0800 volts if tho 
tomporaturo coefficient wore zero. But dF/dT 
is observed to bo positive, and equal to 
O-OOOOll-l volts per degree. TIonco at, say, 
lfi° 0. tho term T(<iF/dT) or Q, namely tho lieat 
wliiob the coll takes in to keep its tomporo- 
ture from falling, is 288 x 0-000034 or 0-0008 
joulos per coulomb. With those data tho 
calculated oieotromotivo forco of tho Danioll 
coll is accordingly 

]fa 1-0800 -1-0-0008= 1-0004 volts. 

Tho Glbbs-ITolmlioltz equation may obvi¬ 
ously ho applied in tho eonvorso manner, 
to calculate the aggregate heat of reaction 
for tho chemical changes which go on in a 
reversible cell, from observations of tho electro¬ 
motive force and its tomporaturo cooflioiont. 

Headers unfamiliar with tho uso of tho 
funotlon f may find it moro satisfying to 
have tho Gilihs-liolmholtz equation established 
by another method, namoly, by ooneidoring a 
oyolio proooss of four operations in which tho 
coll dobs electrical work during one part of 
tho cycle and lias electrical work spout upon 
it during another part. Wo shall assume, ns 
before, that tho action of the coll is reversible, 
and that it is surrounded by an isotbormal 
jacket containing a fluid which will servo ns 
smirco or receiver of heat, Wo shall furthor 
imagino that tho tomporaturo of tho jnolcol, 
and thoroforo of tho system as a whole, can 
bo rovorsibly altered through some email 
amount ST, say by moans of adiabatio expan¬ 
sion, so that a part of tho oyolo of tho ooll’s 
notion can bo porformod at tomporaturo T 
and another part at tomporaturo T-ST, tho 
boat taken from tho system in lowering its 
tomporaturo from T to T - ST boing returnable 
to tho system without loss, with tho ofTcot of 
restoring tho tomporaturo of tho system to T. 
SuppOHO that tho coll first produces olootrio 
onorgy at tomporaturo T; then haB its 
tomporaturo lmvorod to T - ST ; then lias 
enough olootrio onorgy spout upon it at that 
lowor tomporaturo to causo tho ohomioal 
changes which look place in tho fl rst operation 
to bo oxaotly rovorsod in this third operation ; 


and finally has its temperature restored to T. 
By Faraday’s Laws tho same quantity of 
electricity must pass through the cell in tho 
third operation ns in tho first, in the reverse 
direction. Bub tho oieotromotivo force de¬ 
pends on tho tomporaturo: call it If in tho 
first operation and F - 5F in tlto third. Wo 
assume that each of tho four operations is 
reversible in tho thermodynamic sense, and 
also that no appreciable amount of work is 
done by or upon tho cell except tho olootrio 
work. There is no ohoinical action, and no 
passage of electricity, in tho second operation 
or in tho fourth. Let c represent tho quantity 
of electricity that passes in each of tho first 
and third operations, and ns before lob E( 
represent tho “ heat of reaction" for t-lio 
chemical changes that are associated with tho 
passage of one unit of oleetrioity, Lot Q 
bo the heat taken in (reversibly) frorn^ tho 
jacket during tho first operation, per unit of 
oleetrioity that passes, and lot Q, - SQ bo 
the quantity of heat returned to tho jacket 
during tho third operation, also per unit of 
electricity. Then tho onorgy equation for the 
first operation is 

eF=eE 1 +cQi, 
and for tho third operation it is 

c(F — 6F)=cl , l l + e(Q| — 5Q). 

Tho quantity of boat reversibly abstracted 
from tho jacket in loworing its tomporaturo 
in tho second operation is returned to it in 
the fourth, and may therefore bo omitted in 
summing tho energies for tho oynlo us a wholo, 
Tho cell is now restored exactly to its original 
state, and for tlio oyolo ns a wholo, by adding 
tho above expressions, wo have 

eSlf— c3Q, 


whoro efil? 1 b tho not amount of olcotrionl 
work dano by tho coll, and cSQ is tho not 
amount of heat token in from tho isothorinul 
jacket. Tho onorgy of tho ooll is the snmo as 
at first. Tho result of tho oyolo as a whole 
is to convort an amount of heat c8Q into 
electrical work eSF, and this conversion has 
been effected in a reversible process, by taking 
in heat cQ at tomporaturo T and rejecting 
heat at tho lower tomporaturo T -8T. Hcnoo 
by tlio Second Law tho work done ia equal to 
5T/T limes tho boat taken in, or 

cQi«T 

T ’ 

from wliiob 

- J- 6 r £ ~ A 

Substituting this in tho onorgy equation 
JfciB, 4- Qi wo have tho Gibbs-Helmholt/. result 


c5F = 
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Differentiating this with respect to T, 
d 11 o',, + 01 , 


(Ifi T + T 


- — 0 


If dU 

0a *'-- T 


( 100 ) 


Oil substituting this expression for u -a b 
in equation (98) we obtain 

E- / ‘'"err.. . . (ioi) 

J T„ 1 

Apply these equations to a circuit in which 
the temperatures of tho junctions differ by 
only an infinitesimal quantity ST, ancl write 
fill’ far the corresponding alcotromotivo force, 
and 511 for the difference between the two 
Peltier coefficients. Thou equation (98) becomes 
31?= fill + (<r„-ff ft )8T 


or, since 


511 = ^ 51 , 




By equation (100) this gives 


from which 


fill’s* Jj^fiT, 
11 — 'V dV 

1 <rr 


( 102 )’ 


a result which might liavn been got moro 
shortly by differentiating equation (101). On 
substituting this expression for 11 in equation 
(100) we lmvo 


d\? d /, P dV\ 

■ dT d'VX d’V)' 


lv d*F 

<iT* 


(103) 


Equation (102) allows tho Peltier ofToot for any 
given pair of metals to bo calculated from tho 
observed valuo of what is called tho “ tliormo- 
olootrio power ” of tho pair, namoly tlV/dT or 
tho ratio of BY, tho observed olootromotivo 
force for a small difforonco of temporaturo 
between tho junotions, to 5T tho amount of 
tliat dilfovonoo. Equation (103) allows tho 
difference of Thomson effects for tho two metals 
to ho calculated when tho relation of tho thermo- 
olootrio power to the tomporaluro is ascertained t 
The Thomson off cot is positive in some metals 
and nogativo in others; it is believed to bo 
sensibly nil in load at all temperatures. 
Consequently, in tabulating values of tho 
Poltior and Thomson c(Toots, load is usually 
taken as one metal of tho pair. 

The thermo-olootrio power dP/dT of any pair 
is a function of tho temperature: in most 
metals its rate of variation with tomporaluro 
is constant or noarly constant, 1 so that a 
lino drawn on what is callod a tliormo-olootrio 


» Unions tho motal—like iron or nlokol—unrtor- 
goes nllotroplo modification (cl i an so or plinso), in 
which case thorn Is a sharp bond In tho region or 
temporaturo whore tho change occurs. 


diagram to exhibit the values of tho thermo¬ 
electric power of a given metal with respect 
to load, in relation to the temperature, if> 
straight or nearly straight. Tho lino for lead 
is taken ns a horizontal straight line. When 
tho lines for two metals cross one another, it 
means that tho tliormo-elentrio power of that 
pair vanishes at tho corresponding temperature, 
and has opposite signs at temperatures above 
and bolow that “ neutral point.” Tho thermo¬ 
electric power of a given pair was in fact 
discovered vory early by Gumming to suffer 
inversion of sign at a particular temporaturo. 
Thus when tho temperature of one junction 
is fixed a maximum of electromotive - force 
is obtained by bringing tho temporaturo of 
tho othor junction to tho tompomturo of in¬ 
version. With a copper-iron pair, for oxample, 
when the hot junction is raised to about 
275° G. tho thermo-electric power vanishes 
and tho olootromotivo-force of tho circuit is 
a maximum. It was this faot of inversion 
that led W. Thomson to tho discovery of the 
Thomson effect. If tho Poltior olfcct wore tho 
only reversible thermal phenomenon in tho 
notion of a thormo-olcotrio circuit no inversion 
could occur. Tho oivonit would then bo a 
vory simple reversible heat-engine taking in 
heat only at T, and rejecting heat only at T # . 
With any assigned valuo of T t tho amount of 
heat converted into electrical work would 
necessarily, l>y tho Second Law, bo proportional 
to Tj-T-j. l lonco tho clcotn mtotivo - force 
would also bo proportional to T,-T B , for 
all values of T B , and there would ho no in¬ 
version. Thomson inferred that tho passage 
of tho ourront must cause, in addition, some 
othor kind of rovorsiblo thermal oITcat, and that 
it could only ocour in the oomluotnra ns a 
oonsoquonco of the fact that along each of 
thorn there was a lompornturo gradient. 

§ (00) Mor.KOur.An Tjikory. —Tho principles 
of thermodynamics nro not based on any 
assumption as to tho structure of matter: 
tlioir validity is independent of molecular 
theory. Tho action of ideal gases, for 
oxample, through which it is convenient 
to approaoh tho thermodynamic soalo of 
tomporaluro and othor fundamental notions, 
onn bo sufficiently dcsoribod without mention 
of tho fact that a gas is made up of moving 
molooulcs whoso movements furnish a hoy to 
its properties. But though there is no need 
to roly on tho theory of molooulcs and their 
movomonts—a theory wliioli is well established 
not only for gases but for nil fluids—there are 
fow thormadynamio phonomona on which it 
does not throw light, In tho course of this 
article it lias already boon referred to from 
timo to time, as, for instanco, in speaking of 
Van dor Wnals 1 equation (§ (159)), and of tho 
specific heats of gases (§ (58)). 

1 According to tho molecular theory any 
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la duo entirely to the component velocity 
v x ; nothing is contributed by tho coin- 
pononta v v or v t . Any moleoulo which 
strikes tho wall bus the normal component 
oE its velocity reversed by tho collision. 
Honec tho momentum due to tho blow is 
2 nw x whore v x is tho normal component of 
tho velocity and m is tho mass of the molcoule. 

Consider noxt luiw to express the sum of tho 
ofleets of such blows in a given time. For 
this purpose wo may think of tho molecules 
as divided into groups according to their 
velocities at any instant. Lot n bo tho 
number, in unit volume of the gas, whoso 
a:-component of velooity, v x , has the same 
numerical value, or docs not differ from it by 
more tlmu some assigned very small quantity. 
Sinoo tho number of molcouloa is very groat, 
wo may take tho number to ho the same in ono 
oubio contlmotro (say) ns in another. There 
will of course bo very many buoIi groups, each 
with a different value of v x . Think, in tho 
first place, only of those in tho group n. Half 
of tho ■ whole number of molecules in tho 
group are moving towards 8; tho other half 
are moving away from it. At any instant of 
timo tho re will thoroforo bo within a small 
distance 8a of tho surface S, and moving 
towards it with component velocity v x , ft 
number of molooulos of that group equal to 
4 >j 83*. A moleoulo distant Sx from 8, and I 
having a component velocity v x towards 8, 
would roach 8 in a time St-8xlv x , provided 
it did pot encounter any other moleoulo on 
its way. Honoo tho number of blows delivered 
to S by molooulos of that group, in tho timo 
SI, would (on the samo proviso) bo equal to 
tho number of suoh molecules as originally 
lay within a distnneo x, namely, tho numbor 
4wS8.r. 

Honoo also tho momentum duo to tho 
blows on tho aroa S in tho timo SI would bo 
oqual to x 2mv z , whioh bccomos, por 
unit of area and por unit of timo, 

Sx , 

nmv *si = nmv *» 

Sx 

smeo Vx ~~st' 

This ia tho momontum contributed by 
ono group only. Tho prossuro P is mndo up 
of tho sum of tho quantities of momontum 
contributed by all tho groups j honoo 

P==- vi?.nv x 2 
■ or P=mN^ a , 

whoro N is as hoforo tho whole number of 
molooulos por unit of volnmo, and v x 2 is 
tho average of v x a for all tho molooulos. 

Now tho volooity v of any molooulo is 
related to its eompononts by tho equation 

V a = V X 2 + % 9 + », 9 . 


Hence, if wo write i> 2 for tlio average value 
of w 2 for all tho molecules, 

v 2 — ij? -i- v 2 + 3!» x 2 » 

since tho motions take place equally in all 
directions. 

Tho square root of v 2 is called tho <( velocity 
of mean square.” It is not tho samo thing 
as the average velocity, hut is tho velocity 
a molecule would have whose kinetic energy 
is equal to tho average kmotio energy of all 
tho molecules. Maxwell has shown (Collected 
Papers, i. 381) that in consequence of tho 
encounters tho distribution of velocity among 
tho molecules is such Hint their average 
velooity is x/8/3 t or 0*021 times tho velocity 
of moan square. In calculating, tho pressure 
wo aro only concerned with the velocity of 
mean square. 

Tho above expression for P may be written 
. . . (104) 

Further, since wiN is tho quantity of gas 
in unit volume, or I/V, whoro V is (as usual) 
tho voluino of unit mass, this gives 

pv-JW . « . (100) 

In obtaining this remilt wo mndo (in order 
to simplify tho argument) a proviso that each 
molecule of a particular group, lying initially 
within tho distance 8a; of tho wall, struck tho 
wall without encountering other molecules on 
tho way. This is not true, hut any encounter 
on tho way docs not affect tho final result in 
a gas to which tho threo postulates apply. 
For in any encounter, occurring in a gas that 
satisfies these postulates, somo momontum, 
porpondioulav to tho Avail, is simply transferred 
to another molooulo, and roaches tho wall 
without loss. Tho molecule whioh takes it 
up has to travel the full remainder of tho 
distance in the direction of x, neither more 
nor less, since tho dimensions of tiro molecules 
aro negligibly small (Postulate 3), and no 
timo is lost in tho encounter (Pustulate 2). 
Honoo tho goneral result of tho enconntors is 
not to niter tho amount of momentum whioh 
reaches tho Avail in any given timo, and tlio 
conclusion remains valid that 

PV = Jtft 

Comparing this with tho perfcct-gas equation 
PV=RT, 

wo sco that v 2 is proportional to the absolute 
tompemturoj and consequently tho avorago 
kinotio onorgy whioh tho molcoulcs possess 
in virtue of their volooity of translation is 
proportional to tho absolute temperature, 
Wo shall call their energy of translation 32'; 
they may, in addition, Imvo energy of other 
kinds, as was pointed out in § (58). 

Tho energy of translation of tho molecules 
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tho molecules, E', is 3PV or JRT. Conse¬ 
quently eacli of their three degrees of freedom 
of translation accounts for an amount of 
internal energy equal to JllT, By the dy¬ 
namical principle of cquipartition eacli effective 
<logrco of freedom of rotation must take up 
mi equal amount, and we thereby obtain the 
t’CKiilts which wero stated in § (58), as to the 
energy and spcoilic heats of monatomic, 
Oiatmnic, and polyatomic gases. So long as 
fcli ore is no appreciable energy of vibration 
within tho molecule tho whole energy of a 
gun which oboys tho threo postulates iB mado 
up of terms each of which is crpial to IltT; 
tho an ill therefore dopends only on T, Hence 
Huoh a gas satisfies Joule’s Law (§ (12)), Since 
tho sum is simply proportional to T, it follows 
n-lso that tho specific heat is constant. It is 
only when account is taken of enorgy of vibra¬ 
tion, which is not directly proportional to 
'l.\ that tho inoreaso of specific heat is oxplaincd 
which is known to occur at high temperatures 
in gases that have more than one atom in the 
molecule. j. a. e, 
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'IbtmiMOBYNAMica: 

First Law of. When work is done by tho 
expenditure of boat a dofinito quantity of 
boat goes out of existence for every unit 
of work done; and conversely, when heat 
in produced by tho expenditure of work 
the samo dofinito quantity of boat comes 
into oxistenco for- ovory unit of work 
spent. See "Thermodynamics,” § (9)! 
“ Engines, Thermodynamics of Intornal 
Combustion," § (4). 

Second Law of. It is impossible for a Bolf- 
aoting machine, unaided by any external 
agency, to convoy boat from one body to 
another at a higher temporaturo. Sco 
" Thermodynamics," § (17); “ Engines, 
Thermodynamics of Intornal Combus¬ 
tion,” § (4). 
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Thermo-electric Effect, The - f 

electricity round a circuit consisting *-f t‘«" 
dissimilar metals when the junction-) 
maintained at different temper,itmi.-'. Sc 
“ Thermodynamics,” § (05). 

Thermoelement : 

Calibration of, by comparison with ■> 
standard thermoelement. See "Tin 
couiilcs,” § (24). 

Copper-constnntan, for temperatun s up ?•> 
300° C. .Seo ibid. § (2) (i.). 

Iron - confltantail, for temperatures up ! - 
800° C. Seo ibid. § (2) (ii.). 

Iron-nickel, for temperatures 1-rtu*-. u 
400° C. and 800° C. See ibid. .$ (2; (us.i 
Nickol-ohiomium, Nickcl-nliiminiiun. f> r 
temperatures up to 1100° C. See it-4. 

§ (2) (iv.). 

Platinum - Platinum 10 per cent rhodium, 
introduced by Lc Chatclier in 18$<«, tin- 
most rcliablo of all combinations tcnP-l; 
generally employed in high - teiiij;« ia- 
turo work up to 1500° 0. See t bid. 

§ (3) (l). 

Platinum-Platinum iridium, introduced by 
Bams in 1889, reliable for temperatures 
up to 1000° C. Seo ibid. § (3) (ii.). 
Tcmpovaturo-E.M.F.,Relationship of, repre¬ 
sented by formulao. Seo ibid. § (23). 
Thermoelements : 

Base Metal, for low-tomperaturo work up 
to about 300° C. Sec “ Thormoctmph a," 
§( 2 ). 

Differential. Sco ibid. § (20). 
Tomporaturo-E.M.F., Relationship.-) of. f-.r 
ovory 100 microvolts or evovy 10’, tabu¬ 
lated. Sco ibid. § (23). 

Wiring of, to Indicator. See ibid. § (28). 
Thermometer : 

Calorimetric and Beokmann: instruments 
of Bhort rango capable of being read to a 
high degree of accuracy. Sco “ Thermo¬ 
metry,” § (8) (viii.). 

Chemical. Seo ibid. § (8) (iii,). 

Clinical: a moroury thermometer of short 
rango, of tho maximum typo, used f.*r the 
determination of tho temperature of the 
human body or of animnls. See ibid. 
§(8)(ix.). 

Comparison of, abovo 100° C. See »««. 

§ ( 11 ) (»•). 

Constant-presBiiro, sources of error in. See 
“Temporaturo, Realisation of Absolute 
Scale of," § (44). 

Constant-volume, sources of error in. St-e 
ibid. § (46). 

Constant-volumo Gas, constant corrections 
to (degrees), tabulated. Seo ibid. § (45), 
Table 14, 

Construction of Comparison Baths for. See 
“ Thormomolry," § (11) (i.). 

Correctiona, applicable to raercury-in-glass 
bhorraomotors, to reduce their readings to 
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constructed) Hhoukl give clean-cut divisions 
when etched by hydrofluoric acid in order 
Unit an accurate scale may be obtainable. The 
glass, furthor, should bo homogeneous and free 
from striae or inclusions which would lend to 
distortion of the position of tho mercury 
column, besides rendering tho horo of tho 
capillary irregular. 

Two classes of thermometers may bo dis¬ 
tinguished : firstly, standard instruments 
which are provided with both fixed points 
(via. 0° 0. and 100° 0.), and for which the 
corrections may ho determined by dircot 
calibration j and secondly, those of restricted 
mngo which do not embrace both fixed points, 
mid which are calibrated by comparison with 
standard instruments. 

Tho use of other liquids may ho mentioned 
horo, although detailed descriptions of tho 
thermometers will bo givon later. For tem¬ 
peratures lower than -40° 0. it is necessary 
to roplaco moroury by liquids of lowor freezing- 
point. Alcohol is employed to a largo extent 
and enables thermometers to ho constructed 
for temperatures ns low ns - 80° C. Petroleum 
other may bo omployed for still lowor ranges, 
hut a more satisfactory substance is pontano, 
which nan ho used down to the lomporaturo 
of liquid air. For liighor temperatures various 
metals, snob ns tin or a mixture of sodium 
and potassium, havo been suggested; so far, 
however, those havo not been found very 
satisfactory, and for temperatures abovo 
500" C. roeourso should ho had to olectrionl 
pyrometers and radiation instruments. 

‘ § (2) Historic at,. —Tho thormomotoi ap¬ 
pears to havo been first UBcd at tho boginning 
of tho sovontoonth contury, but it is not 
known for oortain who iuvonted tho instru¬ 
ment. I)’Alonc6, in his book on Barometers, 
Thermometers, and Hygrometers, published in 
1088, probably tho first sopnrato treatifio 
written on this subject, attributes tho inven¬ 
tion to tho Dutch suiontiBt Drobbcl, about the 
year 1(108; but it would appear that Galileo 
constructed similar instruments a few years 
earlier. Such a thermomotor should moro 
correctly bo called a tliormoscope j it consisted 
of a glass vessel provided with a long ncok 
in voided in a basin of coloured liquid 5 by 
warming tho vessel snmo of tho air was 
oxpollcd, and on subsequently cooling it tho 
liquid voro in tho tube; ohanges of tempera¬ 
ture wore mado manifest by tho vino and fall 
of tho liquid. An arbitrary scalo attached to 
tho tubo served to give a rough indication of 
tho changes of temperature to which tho instru¬ 
ment was subjected. In all theso early instru¬ 
ments tho expansion and contraction of ^ air 
was relied on to give tho indications. The 
employment of a liquid receives first mention 
eomo sixty to sovonty yours Inter m the 
2 } rocec(Ungs of the Florentine Academy, pub¬ 


lished in l(i07, in which arc described thermo¬ 
meters 1 consisting of a long tube with a 
spherical bulb filled with spirit, thereby render¬ 
ing tho Instrument independent of changes of 
atmospheric pressure. Seales were attached 
to the thermometers, and an effort was made 
to secure uniformity between different instru¬ 
ments by figuring tho scnlc3 in accordance 
with a dofinito scheme j tho values ohnsen 
wero 20 for the coldest toinpm'aturn ex¬ 
perienced in winter, and 80 for tlio hottest 
at midsummer. The resulting scalo is, of 
course, vory rough, hut it affords evidence of 
an attempt to construct instruments whoso 
readings would bo comparable, Both llnylo 
and Hooke realised the deficiencies of theso 
scales and independently suggested tlio em¬ 
ployment of moro definite reference points ; 
Boylo used ns his datum murk the height of 
the column of liquid at the freezing-point of 
oil of aniseed, Hooke, on tlio other hand, 
used tho freo'/ing-puint of distilled water as 
a zero and, further, marked his degree-scalo 
ns proportional parts of the volume at tlio 
zoro point. Sir Isaac Newton constructed a 
thomioinotor of linseed oil in glass, 2 his. scale 
being based upon tho melting-point of ice ns 
zero and tho temperature of tho human body 
as 12°; on this scale ho found that tlio 
boiling-point of wat-or was and tho melting- 
point of Lin 71°; tho .extended use of a 
liquid-in-glass thormomotoi* to higher ranges 
is worthy of nolo. 

A few years lator considerable advances 
wore made by Fnhronhoit, who introduced 
moroury as a tlicrmometrio liquid, thovoby 
constructing tlio forerun nor of tlio moroury- 
in-glnss thermo motor. Fahrenheit introduced 
oylindrionl bulbs in order to mcrcaao the 
sonsitivity of Ins instr union Is, and also laid 
tho foundations for tho employment of a 
rational aoalo of tomporaturo. Ilia scale was 
based on tlivoo fixed points : tho tomporaturo 
of a mixture of ico, water, and salt was taken 
as zoro, that of a mixture of ico and water ns 
32°, and tho normal tomporaturo of tho human 
body ns 90°. Fnhronhoit observed that on 
his scalo tho boiling-point of water was 212°, 
although bo did not lalco this ns a roforonoo 
point. The origin of tho numbers appears 
to have boon quito arbitrary. Tho numbers 
32 and 212 aro retained to tho present day 
for tho freezing- and boiling-points of water 
on tho " Fahrenheit scale,’’ although tho 
modern Fahrenheit scalo is not exactly the 
samo as tho original. More acourato observa¬ 
tions show the tomporaturo of tho human 
body to bo 08*4° instead of tho valuo 90 
assigned to it by Fahronhoit himself. 

Mention must bo mado of tho work of 

1 One of those Instruments Is hi the Museum at tho 
Cnvonillsh 1 nborntoiy, t'amhrldfic. 

* Phil. Tram., 1701. 




THERMOMETRY 


001 


divisions, and therefore the method adopted 
,f4 _ t'> divido tlio tube by means of an aeourato 
dividing machine and then obtain the neces- 
fl,u 'y corrections to convert the readings to 
volume inoromonts. The process by which 
tlioso corrections are determined is termed the 
calibration of tlio tube, and is performed by 
measuring tlie length of a mercury thread in 
towns of tins divisions of the tube when in 
dilTorent positions in the capillary. If the 
temperature at which the calibration is dono 
in maintained constant tho volumo of tlio 
moroury contained in the thread will also ho 
constant, and the length of thread in diifor- 
ont parts of tho tubo will consequently givo 
n measure of tho variation in cross-section 
corresponding to tlieso positions. 

(b) and (o) Pressure Corrections. In an 
ideal thermometer the glass onvclopo should 
bo incompressible, so that chnngoB of pressuro 
oitlior insido the thormomotor or oxtorior to it 
Mdll have no effect on tho position of tho 
mercury column. In actual praotico it is 
necessary to apply corrections to allow for 
tllja Internal pressure arises from differences 
in tho length of tho morcury column at 
different tomporaturos, thoroby produoing a 
hydrostatic pressuro within tho bulb tending 
to iiuironso tho size of tho bulb as tho tomporn- 
tiuo rises, provided tho thormomotor is used 
in a position other than tlio horizontal; tlio 
correction is dotormined by noting tho ohango 
i>£ I'eading wiiou tho instrumont ia used in 
tlio horizontal and vortical positions at ocm- 
Mtant loinpomturo. Tho oxtornul pressuro 
upon tho instrumont depends upon olmngca 
ill tho barometric pressure, togothor with any 
additional pressure produced by tlio immersion 
of tho thormomotor below tho surfaco of tlio 
liquid whoso tompomturo is boing measured. 
Tho total external pressure to which tho 
instrument is subjected is tho baromotrio 
pressure plus tho hydrostatic bond measured 
from tlio level of the liquid in tho hath to tho 
centre of tho bulb of tho thorinomotor. 

(d) Zero Correction. Tho position of tho 
7.01'n of the thormomotor may not bo accurately 
determined in tlio (list instanco, and in any 
anno tlio zero is liable to change in course of 
time, and also according to tho tomporaturo 
to which tlio instrumont has previously been 
exposed. 1 It therefore becomes necessary to 
apply a correction to allow for the dopnrturo 
of tho freezing-point from tho zero of tlio soalo 
engraved upon the tubo. 

(c) Fundamental Interval. One hundred 
divisions of tho soalo will not in genoml 
oor.vospoml to the difference botivoon tho 
position of the moroury column corresponding 
to tho boiling- and freezing-points of water. 
This is corrected for by application of tho 
fundamental inlorval correction, 

1 See § (7). 


(i.) Calibration of Thermometers .—As previ¬ 
ously mentioned, a standard thormomotor is 
constructed by dividing the difference between 
the fixed points into a definite number of 
intervals. Owing to the difiiouLty of malting 
tho divisions correspond to equal intervals 
of volumo it is customary to divido tho tubo 
into equal intervals of length ; it then becomes 
necessary to ovnlimte these divisions in terms 
of volumes. Tho process is known as calibra¬ 
tion of tlio tubo and is performed by the 
introduction of a thread of mercury which is 
moved into a sories of positions along tho tubo. 
In tho construction of thermometers of preci¬ 
sion it is necessary to mnko a preliminary 
calibration of tho tubo to ascertain whether 
the boro is uniform, and only thoso tubes 
which are satisfactory in tins respect should 
bo omploycd for higli-olnss instruments. Tlio 
correction at any point should not exceed 0-1°, 
or at tho most 0-2° G'., for a thermometer of 
50° 0. rnngo. It is particularly necessary 
that there should bo no abrupt changes in 
diameter in passing along the tube, ns at those 
points the valuo of tho correction to bo applied 
to tlio observed reading will olinngo vapidly, 
n-iul oonsoquontly the accuracy with which 
it can ho dotormined will bo reduced unless 
a very largo sorios of observations is made. 
Tho oomploto calibration of the tubo is in 
gonoral carried out nftor tho thormomotor 1ms 
boon constructed, although it is possible for 
this to bo dona prior to making Hie fchormo- 
molor. Tho work of calibrating tlio highest 
olnsa of standard thormomotor is very consider- 
alilo, so much so that it is worth putting a 
now bulb to snob a thormomotor should tho 
original bulb bo broken. A highly skilled 
glass-blowor can affix a now bulb and ad¬ 
just its Bizo bo that tho original scale ia 
mado nso of. It is of oourso nooossnvy to 
rodotonnino tho fundamental interval, tho 
pressure corrections and tho zoro of tho 
thormomotor, but tlio work of recalibrating 
tho tube need not ho performed, In tho 
ordinary calibration of tlio tubo by tho 
morcury thread process it suffices to use a 
thread which will occupy about ^th of 
the longth of tho tubo it is desired to investi¬ 
gate ; but for the highest class of work it is 
necessary to rnako uuo of a sorios of threads of 
various longths, 

Roforonce may first ho mado to tlio separa¬ 
tion of a thread of moroury from tho main 
column. This may bo carried out by heating 
tho tubo with a small flivmo at a point below 
tho oiul of tho moroury column equal to tho 
longth of tlio thread required. Snob a method 
is, howovor, clangorous, and in conscquonco 
should not he used for thormomotoi's of any 
valuo. Reoonreo should ho had to a method 
which, though Bomewhnt to (lions, docs not 
involvo risk of damage to tlio therm omotor. 
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The thermometer is held in a vortical position 
with the bulb upwards; by lightly tapping 
the tube tho mercury can bo caused , to run 
down from tho bulb. Tho tube is thon 
rapidly reversed and is sharply struck with 
tho finger, causing tho mercury to break away 
from the main bulk at the nock of tho bulb, 
Tho thermometer is thon held in a horizontal 
position and the sopnrated thread of mor- 
cury allowed to move along tho tubo until its 
end is in a suitable position for observation. 
The column is thon allowed to rejoin by 
wanning tho bulb. At tho point of junction 
a very small bubble of residual gas will have 
accumulated, and this serves to break tho 
column at this point Avlion desired. Ilonco 
to break off a definite length of mercury tho 
bulb is allowed to cool sloivty until tho mer¬ 
cury contained between this point and tho 
end of tho mercury column is equal to tho 
desired length. Immediately this is the case 
a sharp tap will again break tho thread, 
leaving a suitablo column for tho purposes of 
calibration. 

For convenience in moving tho column 
from point to point along tho thormomotor 
tube, in making a calibration, it is dcsirablo 
to support tho thormomotor in a horizontal 
position on a tabic which may ho tilted about 
a horizontal axis at right angles to tho length 
of tho thormomotor. By suitably plaolng 
stops to limit tho amount of tilt, it is possible 
to inovo tho moroury thread slowly baokwards 
and forwards in tho capillary. Tho tablo also 
serves to support reading - miorosoopos, by 
means of which tho positions of tho onds of 
tho thread of moroury are accurately deter¬ 
mined in terms of tho scaio of tho thermo¬ 
meter. Successive readings are taken along 
the tube, and tho operation is repeated in 
tho reverse direction, partly to roditco risk 
of errors of observation, but also to compen¬ 
sate for tho small changes in vohnno of the 
moroury thread duo to slight variations in tho 
temperature. 

As an cxamplo of tho simplest method of 
calibration by tho mercury-thread method tho 
ense of a thormomotor ranging from 0° to 
100° C. will bo considered. A thread about 
10° in longth is first separated off and its 
lower end (i.e. tho ond nearer to tho bulb) is 
brought to tho zero of the scale. Tho position 
of tho other end is thon read in soalo divisions 
by moons of a low-power miorosoopo. The 
thread is thon moved along tho tubo so that 
its lower ond now coincides with tho division 
10, and tho reading of tho other ond is again 
observed. Proceeding in this way a series 
of ton readings will bo obtained 'before tho 
upper end of tho thread is in tho neighbour¬ 
hood of tho 100° division. The operation 1 b 
then repeated in tho revorso order, tho upper 
end of tho thread being brought to tho 


divisions 100 , 90 , 80 , oto., and tho correspond- 
ing positions of tho lower ond no tod. The 
mean of each pair of readings is taken, giving 
a series of values of the length of tho thread 
for ouch 10 ° interval along tho tubes. The 
differences of these lengths from tho mean 
longth of tho thread aro then calculated. 
Lot theso differences ho d u </ 3 , d 3 , oto., thon <l x 
is tho correction to ho applied at tho ond of 
tho first interval, i.e. at tho 10° division; d 3 
is tho correction to ho applied for tho second 
interval, i.e. it would bo tho oorreotion to bo 
applied at tho 20° division if tho 10° division 
wore not in error; tho correction lime is, 
howovor, d„ so that tho actual correction 
at tho 20° division is tho sum of thesis correc¬ 
tions, i.e. </,In the mimo way tho 
correction at tho 90° division is d t -I- ri 2 •(. rf 3 , 
and so on. Duo attention must of noiirso 
ho paid to tho sign of d v rf a , </„, oto., nnd it 
will ho noted that ,2 1U d will bo zero, i.e. tho 
oorreotion at 100 is zero. 

Tho abovo method has tho disadvantage 
that errors of observation are cumulative, 
so that no real increase in ueouraciy is at¬ 
tained by decreasing tho length of tho thread 
and increasing tho number of intorvnlH over 
which the thread is measured. To overcome 
this difficulty a number of more complicated 
mothods have boon devised in which tlio 
total longth of tubo calibrated is divided 
into a number of sections at points tunned 
" prinoipal points,” nnd each of theso motions 
are in turn investigated. Theso methods aro 
dealt with by Guillaume 1 and .Balfour. 
Stewart, Rucker and Thorpe,® and .rofurenco 
should bo nmdo to oithor of theso accounts 
for details of a full calibration. 

(ii.) Internal Pressure Correction.—1'Uo hi. 
lorual pressure correction to a thermometer 
is gonorally dotorminod from observations a 
at tho boiling-point of water, when tho thermo- 
motor is read in the vertical mid horizontal 
positions respectively. Tho internal pressure 
correction at tho boiling-point of water is 
given by tho difforeuco between tho readings 
in those two positions, while tho comm lion 
at intermediate positions is taken as propor¬ 
tional to tho distanoo of tho end of the 
moroury oolumn from tho centre of tire bulb. 
A tablo is thon calculated so that tho magnitude 
of tho oorreotion at eaoh dogreo of tlio scaio 
(or othor suitablo interval) may bo readily 
aaoortainod. 

In tho ouso of tliormomotors in which tho 
spaoo abovo tlio moroury is filled with gna, 
ftllowanoo must bo nmclo for its pressure; 
this has to bo oaloulated from tho knowledge 
of tho initial pressure and volumo of tho gas, 


! da ta IhemomUrte, 1881), up. -id-on. 

‘ Mothods employed In Calibration of Mercury 
J liormomoters,” Jirtt, Anson. Jieports, 1882. 

. . SpV'DotormlnnUon of Upper Fixed Point,” 
§ (3) (V.) 
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together with the change in volume according 
to the position of the moreury column and 
of the chmigo of tompernturo to which fcho 
thermometer is submitted. In general this 
latter correction will not bo required, ns 
primary standards cannot be gns-:filloil if a 
calibration of the tube is to bo carried out by 
tho.ordinary method. 

(iii.) External Pressure Correction .—To deter¬ 
mine the extomai pressure correction for a 
thermometer the ohango in the position of the 
mercury column at definite temperatures is 
measured wiion the thormomotor is submitted 
to different external pressures. It is most 
convenient to ehooso atmosphorio pressure ns 
one of these values and a prossuro of n few 
millimetres of mercury for the other. The 
apparatus employed is a glass tube into which 
the thormomotor may bo inserted, and which 
may bo oonnooted by means of a two-way 
stopcock to the atmosphere or to an exhausted 
reservoir. A moroury gauge serves to meas¬ 
ure the pressure to which fcho thormomotor 
is exposed, The glass tube enclosing tho 
thormomotor should oontain some mercury 
at its lower end, in which tho bulb of tho 
thormomotor is immersed, to onablo it readily 
to pick up tho surrounding lompornturo, and 
above this ■glycorino should bo introduced 
to facilitate tho reading of tho thormomotor 
through tho glass tube. Tho whole of tho 
tube should bo enclosed in a hath of water, 
tho temperature of which can bo controlled. 
A Imth such as is described later for tho 
comparison of thermometers sorves admirably 
for tho purpose. Readings of tho thormomotor 
are talcon with tho glass tubo alternately open 
to tho atmosphoro and oonnooted to tho 
exhausted vessel. 

If and l 3 are sucoossivo readings of the 
thermometer whon oxposod to tho atmo¬ 
spheric prossuro, p t and t 2 is an intermediate 
reading of tho thormomotor under reduced 
prossuro p it then tho oxtornnl pressure co¬ 
efficient is given by the relation 

2 ' 

Tiro value of p can then bo oaloulatcd. 

Tliis formula holds IE tho temperature of tho 
bath bo slowly ohnnging during tho observa¬ 
tions, provided the rate of ohango is uniform 
and that, the successive readings aro taken at 
regular intervals ; in fact tho most accurate 
values of p are dorivod from observations made 
with tho temperature rising at such a rate that 
fcho value of t 3 is slightly in oxocss of l v nay 
0'01° 0.,-ns otherwise tho reading corresponding 
to fcho lower prossuro will bo taken on a falling 
monisous and may therefore bo affected by 
oapillarity. A number of observations should 
bo mado and tho most probable value of tlio 
oooffiolonfc oaloulatcd by tho method of least 


squares. From a knowledge of the coefficient 
of external pressure as above determined, 
and of the coefficient of elasticity of the glass, 
it is possible to calculate the menu thick¬ 
ness of tho walls of tho bulb an the assump¬ 
tion that this bulb is a uniform cylinder. 
Considerations of tho sensitivity of thermo- 
motors lend to a reduction of this thiokness ; 
tho advantage, however, is counterbalanced 
by tho resulting increase in the external 
pressure correction, which becomes more 
important tho thinner tho walls of tlio bulb. 
For standard thermometers tho thickness 
may conveniently bo from 0-5 mm. tu 0'7 jnm„ 
and in such a caso tho external pressure 
correction is of the order of 00001° C. per mm, 
ohango in pressure. 

For convenience in applying tho pressure 
correction to thermometers it is desirable to 
calculate a tablo giving values of the correction 
for each millimetre ohango in the external 
pressure to wliioh tho thormomotor is lilcoly 
to bo subjected. Tho oxtornnl pressure in any 
observation will bo tho barometric prossuro 
plus tho hydroBtatio head corresponding to 
tho difference in level of tho centre of tho 
thormomotor hull) and tlio surface of tlio 
liquid in whioh it 5 b immersed. 

(iv.) Determination of the Zero of a Thermo¬ 
meter .—Tho zero of a thermometer on tho 
centigrade scale is denned as tlio temperature 
of pure ice molting under a pressure of 7(J0 mm. 
of tnoreury ; in actual 
pruotico it is not neces¬ 
sary to make any cor¬ 
rection for tho changes 
in bnromotrio pressure, 
sinco tlio ioworing of 
tho temperature of 
fusion is only of tlio 
order of O'008° 0. per 
atmosphoro inoronso of 
pressure. 1 Tho do- 
termination is most 
easily carried out in tho 
simple apparatus indi¬ 
cated in I' 1 i//. 2; a glass ]?io. 2, 

boll-jar, of diameter 

fi-(l in. and depth from 12-15 in., is supported 
in a suitable ease III nn inverted position and 
surrounded by non-corn!noting material. Tho 
boll-jar is provided with an exit Lube fitted 
with a tap. A vacuum vessel of lingo bizo, 
particularly of tho Lypo provided with an 
uponing at tho lower end, can with advantage 
bo used in plaao of tho lagged boll-jar. Tlio 
vessel is packed with iuo in tho form of flno 
shavings, and is moistened with distilled 
watoY; excess of water may bo run off through 
fcho oxit tubo, but tho ice must nob bo drained 
bo that it appears white ; it must remain 
thoroughly saturated with water during 
1 Taimnnnn, 1000 . 

3 s 
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observations. For tlio most accurate dolor- 
urinations it is necessary to make the ice 
from distilled water, very special precautions 
being taken to prevent contamination with 
any saline mat tor. For most practical work, 
howovor, natural ico may bo used, ns the 
purity of this is very high. Tho uso of 
ordinary commercial ico is to bo dopreoated, 
ns this frequently contains salt from tho brine 
circulation employed in its manufacture. Tho 
absenco of solublo chlorides should bo tested 
for by means of silver - nitrato solution; 
sulphates should also bo looked for by moans 
of barium-chloride solution. Prior to prepar- 
ing tho ico shavings tho block of ico should bo 
carefully washed in distilled water. To insort 
tho thermometer under test a holo is nindo in 
tho tightly packed ico by menus of a glass rod 
of diamotor about that of tho thormomotor 
under investigation ; this is pressed into tho 
ico vertically to a suitable distance; tho 
thormomotor is thou inserted into tho holo so 
formed and supported by means of tho clip 
shown and its height adjusted ho that tho 
moroury column is just visiblo abovo tho ico. 
Caro must of ooureo bo takon that tho 
thormomotor does not roaoh tho bottom of 
tho vcssoli For thermometers in which tho 
zero point is somo distanoo from tho bulb a 
longer loo-bath may bo required. In tho othor 
enso, in which tho iuo point is very closo to tho 
bulb, it is desirable to pilo tho ico 'round tho 
stem above tho lovol of tho zero point; a small 
amount of ico is thou removed from in front 
of tho thormomotor to pormit of observations 
being made. Readings are nmdo with tho 
aid of a tolesoopo with a micromotor oyopioco ; 
a magnifying power of about 10 is snlliciont 
for most purposes. It may bo pointed out 
boro that, in taking a zero reading after 
exposure to a higher tomporaturo, recovery of 
tho depression begins almost immediately; 
readings should bo takon corresponding 'to 
tho lowest reached or, alternatively, after a 
definite interval of timo has elapsed since tho 
thormomotor was romovod from tho highor 
tomporaturo. In making observations of tho 
zoro it iB often dosirablo, especially in tho ease 
of thormomotora of lino boro, to snbjoot tho 
instrument to vibration by sharply striking 
tho tahlo on which tho apparatus is standing, 
before taking a reading. This prevents tho 
holding up of tho moroury oolumn by capil¬ 
larity. It is obviously not possible to over- 
oomo this difficulty by taking tho loo-point 
on a rising tomporaturo us in most othor 
thormomotrio comparisons. 

Tho zero reading, if not ooinoidont with tho 
0° division on tho thormomotor, requires 
correction for tho calibration error of tho 
tubo, and tho internal prossuro, whilo a 
correction for tho external prossuro may also 
bo ncoossary. ’ 


(v.) Determination of the Upper Fixed Point 
s of a Thermometer .—Tho upper fixed point of 
! a thormomotor, namely 100° 0. (or its cqui. 
i valent 212° F.), is defined as tho tomporaturo 
, of tho steam issuing from boiling water under 
1 a prossuro of 700 mm. of moroury corrected to 
zoro tomporaturo, to a latitude of 45°, and to 
tho sea-lovol. Tho apparatus in which tho 
boiling-point is usually determined is essen¬ 
tially that used by Rogmuilt, ancl consists of 
a cylindrical tubo in communication with tlio 
vessel in whioh tho water is boiled. Tlio tube 
is surrounded by a sooond tube of somewhat 
larger diameter in snob a way that tlio steam 
from tlio boiler passes up tlio inner tube and 
thou down tho outer tubo, thence it is convoyed 
to a condenser opon to tho atmosphere or is 
nioroly allowed to cscapo; tho innor tubo is 
thus provided with a atoam-jaokot wlrioh 
prevents partial condensation and local 
variations of tomporaturo. Tho thormomotor 
is supported so that tlio bulb and most of 
tho moroury column arc within tho innor 
tubo; tho moroury boing just visible abovo 
tho top of tho apparatus. Caro must ho takon 
to onsuro that tho bulb of tlio thormomotor 
doos not roaoh tho lovol of tho water in tlio 
boik>r and that drops of water cannot fall on 
it if tho obullithm is somowhnt vigorous. 
Two modifications of tin’s apparatus are om- 
ployed at tho National Physical Laboratory 
and may bo referred to horo — tho first is 
duo to Cliappuis, and is snob as is used 
at tlio International Bureau at Stores, whilo 
tho sooond is an olootrioally heated bath 
fftr dealing with six thormomotora at a 
timo. 

(ft) Tho apparatus designed by Cliappuis 1 
is inchoated in Fig. !1. In this apparatus tho 
jaokotod tubo in wlrioh 
tho thormomotor is sup- 
ported can ho turned 
about a horizontal axiB I. r<,b,i nu bki, 

whilo still in communicft* oZmrtf 

tion with tlio boiler and 
tho oondonsor so that -\~cmienter 

tlio thormomotor may ho Arte obout which 

road at tho boiling-point \m,'ZT 

of wator in tho vortical «[>->. n 

and horizontal positions. T^MyJ 

This onablos tho internal \ 

pressure correction to bo f 

determined (soo sootion I ~ " ao “' r 

on “Internal Prossuro ^— 
Correction”). Pm, 8. 

(4) Fig. 4 shows tho 
construction of tho boiling-poinf? apparatus 
designed at the National Physical Laboratory. 
Points to which attention may bo drawn are 
tho following. A shoot of gauzo is supported 
within tlio Inner tubo of tho apparatus to 
prevent any wator boing splashed on to tlio 
. * Soo Ofiappuls, Trav. et M6m., 1888, vl. 
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bull) of tho thermometers. The condensed 
steam is returned to the boiler, which is 
further provided with a constant level dovice. 
The heating of the water is carried out electric¬ 
ally. Two heator units are provided. These 
o.ro controlled by a two-way switch with a 
central “ off ” position, the connections being 
made so that tho two units nro arranged in 
parallel or in series. In tho fust position tho 
tomporatuvo of tho water is rapidly raised to 
tho boiling-point, while in tho second or series 
position tho amount of enorgy supplied is 
sufficient to keep tho water just boiling so 
that tho hath is maintained full of steam for 
uny length of time. 

Both types of baths are provided with 
■water gauges to givo indication of tho oxcess 

provided with 



pressure of tho stoftin nbovo that of tho 
atmosphere. 

The thormomotor is exposed to tho stoam 
until tho reading remains constant. This will 
fcnko several minutes in most oases, or ovon as 
long as an hour, owing to tho change of zero 
rosulting from tho boating of tho thormomotor. 
Xh'ior to tho reading hoing taken it is dcsirabio 
that tho thormomotor bo immorsod to nbovo 
tho end of tho moroury column, tho instrument 
being slightly raised for purposes of reading 
bo that the morcury column is just visible 
above tho end of tho tube. 

At tho same time that the thormomotor 
is road an observation of tho baromotrio 
height is nmdo; tho havomotor rending is 
corroded for tompomturo, latitudo, and hoight 
above sea-Iovol ns dealt with in tho article 
on “Barometers. 1,1 Tho tomperaturo of 
the boiling-point of wntor at a particular 
baromotrio prossuro is derived from tho 
1 Sco Vol. III. 


tables calculated by Broch 3 from Regnanll’s 
results givcm in Table I. 

(vi.) -Fundamental Interval Correction. — To 
obtain tho fundamental interval correction 
to a thermometer tho upper fixed point ia 
determined ns described in the preceding 
section and is followed by an immediate' 
determination of tho zero point. Tho diffor- 
enco of these two readings for a perfect 
thermometer would be 100 divisions, but iu 
practice a value differing slightly from this 
will be obtained. Lot this be represented by 
{100 + 5) scale divisions. Then each scale 
division of tho thermometer will correspond 
to (100-+5)/100 degrees, aiul the number of 
degrees corresponding to 6 divisions will bo 
(100 + 5) (7/100, i.c. 0 + 8.01 100; licnco tho 
correction for fundamental interval to bo 
applied to a rending 0 is 5.0/100 {5 may of 
course bo negative). Tho correction is applied 
aftor tho reading lias boon corrected for errors 
of calibration and pressure, 

§ (-1) PniMAHY Standards.— To scouro uni¬ 
formity iu tho practical measurement of 
tomperaturo in different countries tho Inter¬ 
national Bureau of Weights and Measures 
at Sivrps carries out tho determination of tho 
corrections to mercury thermometers intended 
to aorvo ns fundamental tomperaturo standards 
ovor tho rnngo 0° to 100° C. These instru¬ 
ments are constructed by Hamlin of Paris 
(formerly Tonnolot), and are mo do of “ vorro 
dm 1 .” Tho Menlo 0° to 100° U. is generally 
covered by two Instruments ranging from 0° 
to 50° (J. and 30° to 100° C. Tho tubes nro 
oarofiilly choson for uniformity of cross-section, 
and nro divided to 0-1°; tho division linos oro 
very fine and can only ho read with tho aid 
of a tolesoopo. Tho tubes are not provided 
with onamol books, so that readings may bo 
takon from behind ns well ns in front to avoid 
orrors of parallax. 

With snob instruments rendings may bo 
takon to 0-0015° or 0-002° by estimation, and 
after tiro appropriate corrections nro applied 
to tiro moan of a series of readings on very 
slowly rising temperatures agreement between 
several thermometers is obtained to an accur¬ 
acy of 0-002°, or in uomo ensos to 0-001°. 

To givo a clear idea of.tho mothod of applying 
tho corrections tho following oxnmplo of an 
actual sories of readings with a pair of Baud in 
thormomotors is givou. Tho zero readings 
aro mndo immediately after the observations, 
and tho various corrections are obtained from 
tho tables sent out by tho International Bureau 
for tho thormoinotors in question. 

Two thormomotora,' No. 10377 and No. 
10378, of l-niigo 0° to C0° 0. and divided to 
0-1° 0., wore immersed in a bath of wntor 
(soo §(11)), tho tcmporatiiro of which was 
very slowly rising, and tho readings noted in 
‘ Broch, l'rav. cl Mdm., 1881, I. 
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Mm . 

1 



Tenths of a Millimetre . 





0 . 

1 . 

2 . 

3 . 

4 . 

6 . 

0 . 

7 . 

8 , 

0 . 

735 

90-070 

•073 

■077 

•081 

•085 

•088 

■002 

•000 

■ 10(1 

•101 

730 

•107 

•111 

•115 

•110 

•122 

•120 

•130 

•134 

•137 

•Ml 

737 

•145 

■149 

•153 

•160 

•100 

■104 

•108 

•171 

■176 

■170 

738 

•183 

•180 

■100 

•194 

•198 

•201 

•206 

•200 

•213 

• 21(1 

739 

• 220 ' 

■224 

■228 

•232 

•235 

■239 

•243 

■247 

•260 

•261 

740 

•258 

•202 

•205 

•200 

■273 

•277 

•280 

•281 

•288 

■202 

741 

•295 

•290 

•303 

•307 

•310 

•314 

•318 

■322 

•325 

■320 

742 

•333 

•337 

•340 

■344 

•348 

•361 

•356 

•360 

•303 

■300 

743 

•370 

•374 

■378 

•381 

•385 

•389 

•303 

•300 

•400 

•404 

744 

■408 

•411 

•415 

•410 

•423 

•420 

•430 

■434 

•437 

■441 

745 

•445 

•449 

•452 

■468 

•400 

•404 

•407 

■471 

•476 

■470 

740 

•482 

•480 

•490 

•493 

-107 

■601 

•non 

•608 

•612 

•610 

747 

•519 

•523 

•627 

• 6-31 

•634 

•638 

•642 

•540 

•640 

•563 

748 

•557 

■500 

•604 

•508 

•672 

•575 

•670 

•683 

• 58(1 

• 5U () 

740 

•604 

■508 

•001 

•005 

•009 

■012 

■1)1(1 

■020 

■024 

•1127 

750 

•031 

■035 

•038 

•042 

•040 

•050 

•063 

•067 

•001 

• 0(11 ! 

751 

■008 

■072 

•070 

•070 

•083 

■087 

•000 

•004 

•008 

•701 

762 

•706 

•709 

•713 

•718 

•720 

■724 

■727 

■731 

•736 

•738 

753 

•742 

•740 

•750 

•763 

•757 

•701 

•704 

•708 

•772 

•776 

764 

•779 

•783 

■787 

•790 

•704 

•708 

•801 

■805 

•800 

•812 

755 

•810 

•820 

•823 

•827 

•831 

■834 

■ 83H 

•842 

■ 84(1 

•840 

750 

■853 

•857 

■800 

•804 

•808 

•871 

•876 

• 871 ) 

•882 

■880 

767 

■800 

•893 

•807 

•901 

•004 

• 1)08 

■012 

•910 

•010 

• 1)23 

758 

■027 

•030 

•934 

•038 

•Oil 

•045 

•940 

•052 

• 1)60 

■ 00(1 

769 

•003 

•007 

•971 

•974 

•078 

•082 

■086 

■080 

•003 

•006 

700 

100-000 

•004 

•007 

•Oil 

•016 

■018 

•022 

•020 

•020 

•033 

701 

•037 

•040 

•044 

•018 

•051 

•056 

•050 

•002 

•000 

•070 

702 

•073 

•077 

•081 

•084 

■088 

•0112 

•006 

•000 

•103 

■ 10(1 

703 

• 110 

•114 

•117 

•121 

■126 

•128 

•132 

• 13(1 

•139 

•143 

704 

•147 

•150 

•154 

•167 

•101 

•105 

•108 

•172 

•170 

•170 

706 

•183 

•187 

•100 

•104 

•198 

•201 

•205 

■209 

•212 


700 

•210 

•223 

•227 

•230 

•234 

•238 

•241 

•245 

•240 


707 

•250 

•200 

■203 

•207 

■270 

•274 

•278 

■281 

•286 

•289 

71)8 

•202 

• 21)0 

•300 

•303 

•307 

•311 

•314 

•318 

•321 


700 

•320 

•332 

•330 

•340 

•343 

•347 

•350 

•364 

•358 

■301 


770 

771 

772 
770 

774 

775 
770 

777 

778 
770 


•808 

■401 

■437 

■474 

■510 

■540 

•582 

■018 

■054 

■000 


■300 

■405 

•441 

■477 

•513 

■550 

•580 

•022 

•058 

•004 


■372 

•400 

■445 

•481 

•517 

•553 

■580 

•025 

•001 

■097 


• 37(1 

•412 

•448 

•485 

•621 

■557 

•503 

•029 

•005 

•701 


•370 

•410 

•462 

•488 

•024 

•500 

•600 

•032 

•008 

•704 


•383 

■410 

•460 

•402 

•528 

•604 

•000 

■030 

■072 

•708 


•387 

•423 

•460 

•405 

•532 

•nos 

■ 004 ; 

■040 

•070 

■712 


•300 

•427 

■403 

■ 41)0 

■635 

•571 

•007 

•043 

•070 

•715 


•304 

■430 

■400 

•503 

■630 

•575 

•Oil 

•047 

•083 

•710 


•308 

•434 

•470 

■500 

•542 

•578 

•014 

•050 

•080 

•722 


Tublo II. wore obtained to the noarost 0-005° 
by estimation. Tho installments woro Jm« 
morsod so that tbo columns woro just visible 
above tho top of tho bath; tho dopfchs of 
Inunoision to tho oontros of tho bulbs bolng 
27-9 and 27-8 om. respectively. Tho ordor in 
, whioli tho readings wore takon Is indicated 


by tho loiters (a), ( b ), etc., after tho readings, 
ilils la in aooordanoo with Oho procedure 
dosoribod in § (11). 

In aooordanoo witli tho standard procedure 
of tho International .Bureau tho zero oorroo* 
tions given in tho above tablo woro obtained 
by. making observations of tho frooaing-pctinli 
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Tahi,b II 


Thovmometer No, . . 

10377 

1(5378 

Readings .... 

30-350 (a) 

30-300 ( b ) 


■300 (d) 

•300 (c) 


■300(e) 

■305 (/) 


-355 (ft) 

■370(g) 

Means. 

30-3151 

30-304 

Calibration correction . 

-0024 

— 0-038 

Internal pressure . . 

+0-014 

+0-041 

External pressure * 

-0-002 

-0-002 

Fundamental interval . 

+0 002 

+0-002 

Kero correction (see 



below). .... 

-0-090 

-0-090 

Corrcalcd rending . . 

30-272 


Mean reading . . . 

30-272 

Correction to hydrogen 



scnlo ..... 

-0-102 

Corrected tomporaturo. 

.30-170 


* External pressure =»baromotrlo pressure (702 
mm,) 1-27-8 cm. of water, 


of wator immodifttoly after tlio readings at 30° 
wore obtained. Tablo III. gives the recorded 
observations and fchoir reduction. The read¬ 
ings wore obtained using a toloBoopo with 
mloromotor oyuploco and two soltings wore 
made in ouoii oaso. 


Taiii.h III 


Tliormomoler No. . 

10377 

1(5378 

Sotting. 

(a) 

(b) 

(«) 

' (b) 

Mioroinotor rending 
on tho 0-0 division 

30-0 

20-5 

1-9 

2-1 

Mloromotor reading 
oil column . . 

70-0 

70-9 

41-0 

42-0 

Micromotor rending 
on 0-1 division . 

70-0 

75 0 

48-1 

47-9 


40-0 

41-1 

30-7 

30-9 


40-0 

40-4 

40-1 

4C-8 

Corresponding read¬ 
ing of column . 

0-090 

0-080 

0-08G 

0-088 

Menus .... 

+0 080 

+0-087 

Calibration correc¬ 
tion .... 

0-000 

0-000 

Internal prossnro 
correction . . 

+0-010 

+0-009 

External prcssnro 
correction . . 

0-000 

0-000 

Fundamental inter¬ 
val oorreotion 

0 000 

0-000 

Mean zero rending . 

+0-009 

+0-000 


§ (5) CounncTiox to Tiin Gas Scale of 
TeMPBIUTUKE.—T he subject of gas thermo- 


inotry and tho relationships of tho hydrogen 
and absolute scales of temperature arc dealt 
with elsewhere, 1 so tlmt in this section it is 
only necessary to deni with tho connection 
between tho indication of a mercury thermo- 
motor and the gas Hcalo. 

At tho Fifth Conference of Weights and 
Measures, hold at Paris in 11)13, it was agreed 
that the centigrade thermodynamic scale 
should bo adopted ns tho fundamental scale 
of temperature. For the practical realisation 
of this scale it was further agreed that over 
the range 0° to 100° C. tho scale of the cmmtnnt- 
volumo hydrogen thermometer coincides with 
tho thermodynamic sealo to the accuracy 
attained by precision mercury thermometers, 
and tlint outside this range between the 
freezing - point of morcury and the boiling- 
point of sulphur the thermndynamic scale is 
realised by means of tho platinum thermometer 
under specified conditions 3 to a sufficiently 
high ordor of acouracy for practical purposes. 

In ordor to investigate tho relationship be¬ 
tween tho readings of a inoronry thermometer 
and tho corresponding temperature on the 
gas scale, con nut or tho ease of a thermometer 
the voluino of whose bulb and that portion 
of the atom up to tho store division is Y„ 
measured at a temperature of 0° 0, ; assume 
also that the volumo of tho capillary between 
successive degree divisions is v 0 also measured 
at 0° C. A kilo wind go of tho absolute co¬ 
efficients of expansion of mercury and of the 
glass of which the thormoinotor is constructed, 
both roforred to tho gas scale of temperature, 
is also rcqnirod. .Suppose those are represented 
by F{T) and f(T) respectively, where T is the 
temperature measured on tho gas scale, then 
at tomporaturo T tho voluino of mercury 
originally filling tho bulb at 0° G. will be 
given by V 0 F(T), while tho voluino of the bulb 
will 1mvo changed from V 0 to V 0 /(T). Now 
V 0 F{T) will bo greater than V 0 /(T) ns tho 
expansion, of increury is greater than that 
of glass, bo that somo mercury will overflow 
from tho bulb into tho stom of the thermometer 
and this volume will bo 

V 0 F(T)-V 0 /<T). 

Assumo tho inoroury overflowing will fill 0 
degrees of tho scnlo, and, sinco each division 
originally occupied a volunio v n , tho volume 
of morcury overflowing is also given by the 
expression 

0-v*f{ T>. 

Equating thoso two oppressions gives 
I’o /( L ) • 

1 Seo "Temperature, Realisation of Absolute Scale 
of.” 

* Seo "Tlcsi3tnnco Tliermomotera 11 and “ Tempera- 
ture, Practical Scale of.’ ’ 
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The functions F(T) and /(T) may bo expressed 
in the form (1+c 1 T+c 2 T 3 +c 3 T 3 . , .) so that 
if m v ?/!*, Mi a . . . and j v g it g 3 . . . are 
taken for the constants for mercury and glass 
respectively the above expression reduces to 

0«* 

i'o 

{K “(7i)T+ (»ig~(/a)T 2 + K~g 3 )T 3 + . . 

‘ {T+ ffl 'i+j t T»+ to T»+. . . } 

VJv 0 is dopendont solely upon the dimensions 
of the thermometer under consideration, and 
its value is determined by putting 0 and T 
each equal to 100° C. as at this point both 
scales are coincident by definition. Hence 


100 = 


V 0 {( *», — ft)1 00 +K— g a )100 a + . ■ 
% U+f/t- ioo+( 7 2 ioo 3 + . . .} 


} 


0 = 10 0(1+g 1 iqq+ g sioo , + : • K - g, )T«+ 


{{«*i“gi)100+"(m a -ga)100*+ . . }(1 + 0»T'+g£r i + '. . ) 


Thus tho relationship between tho mercury 
and gas scales is given in terms of tho co¬ 
efficients of expansion of mercury" and gloss. 

A considerable simplification of tho abovo 
formula would result if the expansion of glass 
and mercury wore both linear, for m this case 
tho value of tn a , m 3 , w 4 . . g a , g t . . .,oto., 
would bo zero, and tho expression given abovo 
roduces to 

1+g.T 

- 

The values of 0 and T are therefore not 
coincident, ns might at first bo supposed, 
but mo dopondent upon tho coefficient of 
expansion of glass. CJninoidonco bofcwoon tho 
mercury and gns scales of toniporaturo would 
only bo attained if tho glass used in tho con¬ 
struction of tho thormomotor did not expand 
or contract with change of toniporaturo. In 
this connection it is of interest to note that 
owing to tho muoh smnllor coefficient of 
expansion of fused silica than that of the 
usual thermo metric glasses a thermometer 
constructed with this material should givo a 
scalo moro closely approximating to tho gas 
scale than in tho oaso of a glass thormomotor. 
This has not received oxpoiiinontal verification, 
as sufficiently accurate thermometers have not 
yet boon constructed of fused silica. 

Tho formula 


^T-TflOO-T) 
01 i+gZT 


giT 

does not roprosont practical results, as it was 
obtained on tho assumption that tho expansion 
of mercury is linoar ; this is, of course, not 
tho oaso. Various formulae have been pro¬ 
posed to roprosont experimental ■ determina¬ 


tions, and from a review of tho published data 
Sears 1 gives tho formula 

V, = V 0 {1+ «T+ 6T»+yT 3 -I- ST 1 }, 
where a — 181456 x 10 _0 , 

/3 = 0-009205x lO" 0 , 

7=0 000000608 x lO’ 0 , 

S=0'000000007H20 x 10-°. 

Tho expansion of glass is usually represented 
by a formula of tho typo V a - = V 0 (l + g L T -|- (7 3 T a ), 
but tho numorical values of the coefficients 
are not known to a high enough order of 
accuracy to givo values of 0 in terms of T 
which agree well with 
those obtained- by experi¬ 
mental methods. Tho 
general form of tho re- 
^ lationship is, however, in 
' agreement, for the full 
expression given above 
may bo written in tho form 

0 - T = T(100 - T)(A + BT + CT»), 

where A, B, and C are constants depending 
only on tho coefficients in tho expansion 
formulae for glass and morcury. It will bo 
noted that (0 -T) vanishes if T=0 or T=10(), 
sinco at thoso points tlio mercury and gas 
scales are coincident by definition of tho 
respective scales. 

Tho differences between tho mommy and 
tho gns bchIo have boon tho subject of oxtondod 
researches in tho case of sovoral of tho special 
glasses used in tho oonstruotion of morcury 
thormoinotors. Roforonoo may bo nuulo to 
tho work of Chappuis, 2 wlto investigated the 
onso of thormoinotors ooiiRtniotod of “ vorro 
dur,” tho French hard glass used in tho 
construction of tho primary standards dis¬ 
tributed by the International Bureau at 
Sdvros. Tho tests wore mndo by comparison 
of sovoral moroury thermometers in a hori¬ 
zontal water bath with a constant-volume 
hydrogen gns thormomotor. Tho results of 
theso tests showed that the difference between 
temperatures on a “ vorro ‘ dur ” moroury 
thormomotor and tho hydtogoh gas tliorino¬ 
motor could bo represented by tlio formula 

0—T=T(100—T)(62’200 - 0*48040T 

-1- 0-0012805T 2 ) x 10-° 
or 

0-T=0(lOO-tf){61*869-0*47860 

+ 0*0011680*) x 10~°, 
over tho rango -36° to 100° C. Tho msooifd 
form is moro convenient for application of tho 
correction in praotical work. Table IV. gives 
tho value of theso corrections over the range 
0° to 100° 0. 

' Soars. Froe.Phus . Soc., 1013-14, xxvl, Oft. 

- ' Ohappuls, Trav. et Mini., 1888, vi, 
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Table IV 




Values of Temperature on Mercury Scale-Temperature on fins Scale (3 —T» 


0. 

1. 

2, 

3. 

4. 

5. 

0. 

7. 

8. 

0 

0000 

0-000 

0-012 

0-018 

0-023 

0-028 

0-033 

0-038 

O-OIT 

10 

0-052 

0-050 

0-000 

0-003 

0-007 

0-070 

0-073 

0-070 

0-079 

20 

0-085 

0 087 

0-089 

0-091 

0-003 

0-095 

0-097 

0-098 

O-IOO 

30 

0-102 

0-103 

0-104 

0-105 

0-100 

0-10G 

0-107 

0-107 

0-107 

40 

0-107 

0-107 

0-107 

0-107 

0-107 

0-100 

0-100 

0-105 

0-104 

50 

0-103 

0-102 

0-101 

0-100 

0-009 

0-097 

0-09(3 

0095 

0-093 

00 

0-090 

0-080 

0-0S7 

0-085 

0-084 

0-082 

o-oso 

0-078 

0-U(" 

70 

0-072 

0-070 

0-008 

O-OGO 

0-004 

0-002 

0-050 

0-057 

0 0v>.> 

80 

0-050 

0-048 

0-045 

0-043 

0-041 

0-038 

0-030 

0-033 

0 031 

00 

too 

0-02(1 

0-000 

0-023 

0-021 

0-017 

0-010 

0-013 

0-010 

O-OOS 

0 6W 


Tlioi'inomotora constructed of Jena 1GW 
nncl Joiuv glasses havo been studied ftt 
fclio .Roiohaanstalt by Thoison, School, and 
Soil, 1 who compared thermometers of tlicsa 
flosses with “ vorro dur ’’ thormomotora in 
lioth the horizontal and vortioal positions; 
fclioir results wero reduced to the hydrogon 
ecnlo by Shed, 2 . by application of the formula 
derived from Chnppuis abnvo referred to, and 
1 and to the expressions 

Jonft lfl 111 : > 

O - T=0(100 - 0)(Q7‘O39 - O : 473510 

+ 0-0011fi770 a )xlO-«, 

Jena 0fl IU : 

O - T=0(100 - 0)(31-O8O - 0-47851® 

H-0'00116770 s ) x 10 -B . 

'J.'ablo V. shows for purposes of comparison 
-fclio magnitude of tlio corrections computed 
from the abovo formulno to "vorro dur," 
Jena 10<n, and Jona fiO'” thorinomotors over 
-fclio range - 30° to 100° C. at intervals of 10°. 


Tabus V 


Tcmpomturo. 

Temp- OH Moroiiry Hcnlo-Tcinp- on Gris Scale. 

“ Verro dur." 

JOIKI lfl 111 - 

Jons 50 111 . 

-30 

-0-30 

-0-32 

-0-18 

-20 

-0-17 

-0-10 

-0-10 

-10 . 

-0-07 

-0-08 

-0-04 

0 

0-00 

0-00 

0-00 

10 

0-052 

0-050 

0-024 

20 

0-085 

0-093 

0'03S 

30 

0-102 

0-113 

0-038 

40 

0-107 

0-120 

0-034 

50 

0103 

0-110 

0-020 

00 

0-090 

0-103 

0-03C 

70 

0-072 

0-083 

0-007 

80 

0-050 

0-058 

0-001 

00 

0-020 

0-030 

-0-002 

100 

0-000 

0-000 

0-000 


1 Thoison, School, and Soli, Zeit. ImlrumenUnk., 
SOB, xv, '183. 

2 School, IPtef. Aim., 1800 , lvili. 108-170. 


§ (0) Thermometiuo Glasses.—I f tfv,■ t < 
point of a thermometer, «s ordinarily d-r*r- 
mined by immersion in pure melting vv-, 
takon periodically it will be noted that * ac¬ 
tions occur. This is equivalent to stating that 
the volume of the bulb is not always the *«*.•*• 
when the temperature of the instrunuM is 
brought to a definite value. Although r< !i m >i 
to as the zero change, the variation* in th- 
indications of tho thorinometcr are mamf.-t 
at any point in tho scale, but reading* ai« 
usually taken at tho zero owing tu tin:- grv at.-r 
ease with whioh observations may I*.- nisuh- 
ftt this point. In the case of high*r.ATig'' 
thormomotora not divided as low a.* M’ 1 '- 
the change may bo investigated by a- 

lions oarried out at tho boiling-point of r. 
This is somewhat loss satisfactory owing tu t 
oorreotion wliioli has to bo applied for rhangt-s 
in atmosphorio pressure. 

Tho change in zero is dependent upon the- 
nature of tho glass employed in the eofistme- 
tion of tho thormoinotor, and many attempt* 
have been mndo to introduce Bpecial glam to 
reduce tlioso changes to a minimum. Before 
dealing wifcli tlio zero changes in detail,referent* 
may bo made to some of the tlierraometri»* 
glasses which havo been in uso in re<..nt 
years, 3 

[а) English crystal glas3 and also Kew ” 
glnss, which wero in use in this country for 
many yoars, wero lead-potash glasses whkli 
contained a small proportion of soda. These 
glnsses lift vo since been superseded for accurate 
work by later types, but lead glass*.-# arc 
still employed for tho cheaper cUm *f 
thormomotora at tho present time, mainly 
owing to thoir softer nature and good working 
properties. 

(б) “ Vorro dur " is essentially a Boda-hme 
glass, and ia of cspooin-1 importance, a« it fcaa 
boon tlio subject of much investigation Ivy 
Guillauino and others in connection with iw 
employment for tho primary mercury standard* 

* Sec ortlclo " Glass, 11 Yol. IV. 
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of tho International Bureau to which reference 
has- already boon made. 

(c) Jona 161 ”. —. In 1883 Schott began 
experiments at Joint on the production of 
glasses for thermomotrio work, and soon 
produced tho glass numbered lG I[ f, which was 
designated “ normal thormometor glass ” ; it 
is a soda-lime glass containing /.ino oxide and 
alumina, This glass has laid vory widespread 
use in tho construction of thormometors of 
ordinary and medium range. Tubes made of 
this glass may bo recognised by a thin purplo 
lino throughout their longtli. 

(d) Jona 59 11 *,—For work at higher tempera¬ 
tures Sohott further developed a harder glass 
known as Jona C9 nr , or horosilieato glass, 
tho principal ingredients of which are soda, 
borio oxide, and alumina. 

(e) More rooontly dovolopcd glasses to whioh 
roforonco may bo mado iiicludo Powoll’s normal 
glass, which is distinguished by a broad deep 
blue lino running through tho tubes, Powoil’s 
borosilioalo glass, and tho Corning normal glass 
whioh is extensively omployod in Amorica. 


Although of secondary importance compared 
with tho aftenvorking effects, some, attention 
must bo paid to tho suitability of the glass 
to give good division lines by etching with 
hydroflnorio acid. Tho lead glasses appear 
to offor advantages in this respect, so that 
English crystal glass is frequently used for 
tho stem of a thermometer in conjunction 
with tho normal glass for tho bulb. 3 

§ ( 7 ) Zlilto Cl IA NO 108 Of Thermometers,— 
For tho oxpori mental investigation of tho 
changes whioh tako plnco in tho zero of a 
thormometor any thermometer may bo 
omployod, but it is proferablo to construct a 
special thormometor of tho particular glass 
under Lest, to scouro a suffioiontly open scale 
in tho neighbourhood of the zero to permit 
of tho changes being accurately determined. 
Such a thormomotor is indicated in Fig. 6. 
A rango of C° 0. on either bkIo of tho fixed 
point sufflcos, and a ohambor should bo blown 
hotwcon thoso two parts of tho scalo to avoid 
having an unnecessarily long tubo, 

If it is dosired to carry out tho tests over 


ABC D EFG H K L 



Flo, 6. 


Tho.compositions of tho latter glnssos aro not 
yot available for publication. 

Correlation of tho analyses of tho glassos 
given in Table VI. with tho thornial proportios 
dealt with Iator shows that tho joint prcsonco 
of soda and potasli lias a dolotorious olYeot 
upon tho valuo of tho glass from tho thonno* 
motrio point of viow, and this was confirmed 
by Sohott 1 in his early work on Uio subject. 
Tho horosilieato glasses give Uio best results 
at high tomporutures, while tho prcsonco of 
alumina oonducos to onso of working and tho 
absnnco of dovitrifioation. 

Tadi.h Vi 


AmiOXIMATH PhBOKNTAUH f.'oMl'OHrriON 
OF VARIOUS OliASHKH 


Cbnilltiwnt. 

KiiRlinli 

Crystal. 

Kow 

(Unas. 

“ Vcrro 
ilnr." 

Joint 

1(1'". 

Joint 

B3"(. 

SiOj . . 

00 

g:i 

71 

<17 

72 

K,0 . . 

12 

11-5 

0-fi 



NnjO . 

N5 

0C 

12 

it 

JO 

1’bO . . 

34 

34 ■ 




BgQg . , 


, , 

, , 

2 

II 

CaO , , 

U 

, , 

14 

7 

O-fi 

AljjOrj • i 

0-6 

0-5 

2 

3 

<1 

55nO 

, , 

* 


7 


.Fe 3 0 3 ,Mn t 0 3 1 
MgO / 

0-6 

0-5 

0-3 


0-5 


llgurcs in tlio nlinvfl table must only ho regarded 
iroxlmnlo, ns liullvklunl samples of glass vary 
orally; traces of othor oxides are found on 

■ Himj n lS._ 

* Wliikoliimnn and Schott, Atm. d. Phys. und 
Ohcm,, 1801, li. 007. ... 


tho oomploto range of possihlo uso of a 
moroury - glass thormomotor, tlio instrument 
must he designed to withstand oxposuro to a 
tompornturo of from 600° to 660° C. for a 
prolonged ]»riod. A ohambor must conse¬ 
quently ho provided at tho uppor ond of tho 
tubo to allow suffioiout room for tlio safe 
expansion of tho moroury up to tlieso 
temperatures. 

To avoid distillation of moroury and tho 
splitting up of tho column at tho higher 
tomporutures, tho tubes must ho nitrogen- 
filled to a pressure of about 10 to 20 atmo- 
sphores. For thormometors whioh aro definitely 
to 1)0 used only ovor a lower rango (if 
tompornturo, say up to 100° C„ filling with 
nitrogon is loss necessary. 

Tlio hull) AH should bo cylindrical and of 
approximately tlio sumo diameter ns tlio 
fltom, with tho zero point I) at a distance of 
from 80 to 100 mm. abovo tho uppor ond B 
of tho bulb, Tliis longtli is of somo importance, 
as if tlio zero is oloso to tho bulb it is not 
possihlo to onsuro that tho lattor is sufficiently 
immersed in tho ioo when taking readings i 
on tho othor hand, if this distanco is muoh 
oxeoodod tho instrument is found to ho 
inoonvoniont for uso in tho ordinary typo of 
apparatus omployod. 

Tho soalo must bo ohoson so that 10 min. 

* Investigations of tlio thermomotrio properties 
of tlio Jona glassos t0 ,u and 59 111 nro fully summnr- 
(sad in "Jona Olass *’ by iTovostruH, of which nn 
bngllBh translation by Evorott was published In 1002. 
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corresponds to approximately 1° 0., and the 
graduations should extend about CO mm. (i.e. 
about 5° 0.) on either side of tho fixed points 
(0° and 100° C,). Thus CE and GK in tho 
diagram Bliould each ho 100 mm. Tho tube 
should bo graduated in millimetres. Con¬ 
siderable earn should be exercised in the 
production of tho divisions, as their suitability 
is the controlling factor in obtaining high 
acoiirney of reading. Tho graduations should 
he fine, so ns to ho suitablo for reading with a 
fairly high-powor telescope, and each sob of 
divisions should ho numbered from 0 to 10 
at cnoh 10 mm. as indicated. Tho freozing- 
nnd boiling - points will thus ho noar tho 
division S on each scale respectively. It is 
unnecessary to obtain exact ooinoidcnco, ns 
under tho treatment tho tubo is intonded to 
undergo tho position of these points will 
continually change. 

Analysis of tho observations will show that 
three types of variation of zero may occur, and 
theso will bo roforrod to ns “ Secular Chango,” 

“ Depression,” and “ Anneal Effects.” 

(i.) Secular Change. — If tho zoro of a 
thermometer ho determined periodically it 
will ho found that tho rondings are successively 
higher, and tho oft'oeb is noted ovon after n 
period of many years. Joulo kept two thermo¬ 
meters nndor observation fur a poriod of over 
forty yoars, and found that oven at the ond 
of this time their zeros continued to rise, lie 
showed that tho results could bo represented 
liy nil expression of tho form 

t 

i/>=a-b.c e , 

whore is tho reading of tho thermometer, 
l is tho time, and a, b, and c nro constants, 
which will of course depend on tho nature of 
tho glass employed. This change of zero does 
not result from variations in tho temperature 
to which tho thormnmotor may bo exposed 
between observations of tho zoro. Tho offeot 
will ho found ovon when tho instrument is 
kept continually in molting ico. 

As in tho case of tho thermometer in¬ 
vestigated by Joulo it is found that a thermo¬ 
meter shows a comparatively rapid riso of 
zoro when first Itiodo, and that this riso 
doorcases In amount with courso of timo. In 
a general way thormomotors possessing a small 
zoro depression (see next paragraph) liftvo a 
small secular ohange. For Jona 10'” gloss 
Allihn 1 has shown tlmt the secular ohange 
after tho initial period Is about 0-01° 0. per 
year, A similar value has recently been found 
for thormomotors constructed of Powell’s 
normal glass ns tho result of experiments 
onrriod out over a poriod of nearly two years. 
Tho causo of this riso of zero is tho gradual 
shrinking of the glass in oourse of timo, thereby 
1 ZailJ. Anal. Ohm., 1800, xxvlil. 185. 


reducing the volume of the lmlb. Although 
due to another cause, it is interesting in this 
connection to record observations in which 
the zero of certain thermometers fulls with 
use. This on investigation was found to he 
duo to tho slow dissolving away of the glass 
of the bulb, owing to the thermometers being 
employed continuously in a well-stirred wa ter 
bath, As tho walls gradually become thinner 
tho pressure duo to tho mercury in tiro instru¬ 
ment enlarges tho bull), thereby causing the 
zero to fall. Similar instruments constructed 
at tho same time, and of tho same glass, but 
not in continuous use, showed tho usual rise 
of zoro. The magnitude of this fall of zero 
was not sufficiently constant for Us rate to 
bo accurately determined, but it was of the 
order of three or four times the usual secular 
chango. 

(ii.) Depression of Zero after Heating. — If 
tho zero of a thermometer bo determined 
immediately after the instrument lias been 
heated it will ho found to be lower than its 
valuo recorded prior to heating, This reduction 
is usunlly termed tlio depression of zoro, and 
its value depends on tho temperature to which 
tho thorinometor has boon exposed. For 
comparison it is usual to dotormino tho 
depression after tho exposure of tho thermo¬ 
motor to a temperature of 100° 0. for a definite 
period, c.g. thirty minutes. Tho zoro must bo 
taken immediately after exposure to tho higher 
temperature to secure accurate results, for 
recovery begins to tnko place almost im¬ 
mediately, mwl tho original valuo of tho zero 
is again obtained after tho lapse of several 
days. To secure uniformity in tho observa¬ 
tions tho thormoinotor, after removal from 
tho Bteam bath, iB allowed to cool in air until 
tho temperature has fallen to about C0° C. ; 
tho instrument is thon immersed in ico and 
tho lowest zoro valuo ronohecl is observed, 
Tablo VII. shows tho value of tho depression 
of zoro after oxpoauro to 100° O,, ancl various 
othor temperatures for several of tho glasses. 


Taiit.h VII 



Zero Depressions. 


At 26° C, 

At 50° 0. 

At 100° O. 

Kow glass . 

O'Oi 

0-11 

022 

“ Vorro dor " 

0’02 

oor> 

O-ll 

Jcnn 10" 1 . 

001 S 

0-03 

007 

Jona 50'" . 

Powell’s nor- 

001 

002 

O'0H 6 

mal (blue 
Rtripo) 

V 0-01 

0'02 

O'05 


The value of tho depression is not constant 
until after tho thormoinotor Iras been con¬ 
structed for some time. When tho thermo¬ 
meter is now the valuo of tho depression is 



1002 


THERMOMETRY 


smaller than that which will be subsequently 
obtained. The increase in the depression 
becomes smullor and smaller in ccmrso of time 
until the.permanent value is reached. 

The depression of a thermometer is duo to 
what may bo termed a hysteresis ofleot in 
the expansion and contraction of tho glass on 
alternate heating and cooling; that is to say, 
on cooling tho glass after previous heating 
tho contraction is loss than tho expansion, 
tho volume of tho glass being temporarily 
greater than its original value. 

It may bo remarked hem that tho depression 
for fused silica is negligible. 

With regard to tho rooovory from depression 
it is found that as a gonoral rule low-depression 
values are associated with quick recovery. 
Thus Jena 10 111 glass recovers in two or throe 
days, while English crystal glass requires from 
ten to fourteen days. 

(iii.) Anneal Effects .—Tho first tiino ft thermo¬ 
meter is heated after construction it will bo 
found that a considerable rise of zero takes 
place. This is duo to tho roloaso of tho 
strain which is sot up in the glass when it lias 
boon allowed to cool fairly rapidly after boitig 
in a plastio stato. In a well - constructed 
instrument tho ohango is greatly reduced by 
carefully annealing the instrument boforo it 
is divided. Tho process of annoaling consists 
in raising tho thonnomotor to a higher tom- 
peraturo than that at which it is intended to 
bo used.. Tho instrument is maintained at 
the temperature for somo hours (up to two 
days) and is then allowed to cool slowly and 
uniformly over a long poriod, proforably somo 
days. Tho anneal is much more oiTootivo tho 
higher tho temperature to which tho glass 
can ho raised, and llie host effects can only bo 
attained when the glass is brought to just 
below tho softening point. Maintaining tho 
glass at such a temperature for an hour is 
much more otfeotivo in removing after olTootH 
than if it is only tnkon up to a moderate 
tomporaturo for much longor poriods. In a 
higli-rnngo thonnomotor which is not satis¬ 
factorily annoftlod it is not unusual to obtain 
a riso of 1G° to 20° 0. on tho lirst oconsion 
tlio instrument is heated. 

§ (8) Types oil' LiQuin-iN-(»r,A88 Tiibumo- 
misters. —A brief description of each of tho 
various typos of liquid-in-glass thermometers 
will now bo given, togothor with tho special 
points to which attention must bo paid In 
their uso. 

(i.) Standard Thermometers. —Tho highest 
class of standard thonnomotor has already 
boon doalt with under tho soofcion dealing with 
primary standards, but in addition to theso 
tho torn “standard" is applied to slightly 
loss accurate instruments which aro employed 
in work of high prcoislon and in tho pointing" 
and testing of other instruments. Standard 


thermometers resemble primary standards in 
that tho scale must include one at least of the 
fixed points for use in determining tho change 
of zero wli ioh takes place in tho course of time. 
It is usual for tho zero point to bo chosen, 
but for higher-range instruments the boiling- 
point is somotimes employed instead. Tho 
range of theso tiiormomoters depends on tho 
uso to- which tho instrument is to be put. 
Ordinary standards will compriso a range of 
0° to G0° C., G0° to 100° O., etc., as in the enso 
of primary standards ; but for special purposes 
—for oxamplo, tho pointing and testing of 
clinical tiiormomoters—a much more restricted 
scale suiTicos. Standard thermometers aro 
gonorally divided to 0-1° 0., or in somo cases 
to 0'2° C„ and this to a certain extent 
determines tho longth of tho instrument, sinco 
it servos no usoful purpose to place divisions 
closer than 0-5 mm. It is proforablo that tho 
smallest interval should bo 0-8 to 1 mm. in 
artier that accurate subdivision of the readings 
may bo readily effected. A very oloso division 
of tho soalo gives rise to what is generally 
known ns tho palisading effect, in conscquonoo 
of which confusion is caused by tho olosnnosa 
of tho lines, and the accuracy of tho reading 
is thereby reduced. Again, attention must bo 
givon to tho fineness of tho divisions, sinco it 
becomes impossible to estimate a fraothm of 
a division to any dogreo of aeouraoy if tho 
thioknoss of tho division lino is too largo a 
fraotlon of tho distanco botwoon two con- 
seoutivo lines. Tho thickness of tho division 
lino should not oxoood one-tenth of tho dis¬ 
tance between lines. Tho method of use of a 
thermometer must, however, bo considered, 
for if tho thormomotor is to bo road with tho 
naked eye a coarser division iH necessary than 
if a teleseopo is employed. The reading of the 
mercury column is always estimated from 
centro to contro of tho division lines, and to 
assist in doing this it is usoful to turn tho 
instrument so that tho moroury column 
appears ngainst tho ends of tho division lines. 
These ends should thoroforo fall upon a lino 
pamllol to tho uxiB of tho thormomotor. In 
tho other direction every fifth lino should bo 
allowed to projoot to mark oithor half-degree 
or dogreo intervals, while tho figuring of tho 
degree linos should bo sufficiently froquont to 
avoid unnecessary labour in taking a reading. 
Thus open - soalo thermometers divided to 
O'1 of a dogreo should bo figured at each degree, 
particularly if omployod with a tolcscopo in 
whioh the Hold of vision is nocossarily not 
very largo. Loss opon soalo instruments 
should bo figured at ovory five dogrecs. Tho 
length of tho division lino also contributes to 
tho oaso with which a thormomotor may bo 
road. Tho longth of tho smallest division lino 
should bo ono to ono and a half times tho dis¬ 
tanco botwoon tho linos. Fig. 0 shows a Boalo 
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which satisfies these conditions. The hull) of 
a standard thermometer is almost invariably 
cylindrical, and should be of diameter not 
greater than tho stom. Internally the junction 
of the bulb to tho stem should be 
gradual in order that no shoulder 
may odor lodgment for hubbies of 
residual gas ; externally there should 
be no abrupt change of diameter. 
As already pointed out, the bulb of 
tho standard thermometer must bo 
of glass chosen for its thormometrie 
properties. Tho stem of tho ther¬ 
mometer need not bo made of' 
tho same glass. Less porfeot tlior- 
mometrio properties will luivo a 
negligible effect on the indications of the 
instrument as tho quantity of mercury con¬ 
tained in tho stem is small compared with 
that in tho bulb. Tho glnsB used in the stem 
should ho of such a variety that lino and clear 
divisions may bo etched upon it. English 
orystnl glass was at one time frequently 
specified for tho stoniB of thermometers ns 
this glass was suscoptihlo of high polisli nnd 
olonn sharp otohing. This was especially 
marked in comparison with Jena lO” 1 . Tho 
more modern English thormometrio glasses 
nro bottor in this respeot than Joint 10”', so 
that tho uso of English crystal glass fur stoms 
iB of relatively less importance. 

Tho glass employed for the stem of a 
standard tliormomotor ih generally Invoked 
with whito enamel. This cannot bo used, 
howovor, for primary standards, na tho lnttor 
are road from tho hack as well ns from tho 
front of tho instrument. These instruments 
are thoroforo made of oloar glass, and in 
conscquonco require illumination from behind. 

As above pointed out, it is necessary that 
all standard thermometers should ho provided 
with divisions in tho neighbourhood of tho 
zero for tho determination of zero changes, 
A scale extending to 2° 0. on eaoli sldo of this 
point suffices to dotormino tho scale value of 
the tliormomotor in this region. If it is not 
desired that tho scale should oxtond con¬ 
tinuously from tho zoro upwards a ohambor 
ib blown in tho boro to nccommodato t-lio 
moroury botweem tho zoro and tho lowest part 
of tho desired soalo. All standard thormo- 
inotors should bo provided with a ohambor at 
tho uppor end of tho atom to permit of tho 
tomporntm’Q being raised above tho highest 
point of tho soalo. This Is necessary in tho 
operation of annealing thermometers, and is 
also a useful snfoguard against broalcngo of 
tho tliormomotor should tho instrument bo 
boated aooidontally to a tomporaturo higher 
than that to wliioh it is divided. Tor high- 
rnngo instruments tho ohambor should bo of 
Bitoh a size that tho tliormomotor may bo 
heated to SCO 0 0. without risk of fracture, 


Tho corrections to standard thermometers 
are determined by comparison with primary 
standards. The corrections so determined will 
chango with subsequent changes of zoro of 
tho thermometer, and it is consequently usoful 
to tabulate tlio corrections at various points 
of the scale on the assumption that there is 
no error at the zero point of the tliormomotor; 
that is to say, tho corrections are reduced by 
an amount equal to tho correction at the 
zoro point boforo tlio values nro tabulated. 
Tho true correction for any point nt a subse¬ 
quent time is then given by adding (algebraic¬ 
ally) tho new correction at the zero point to 
tho tabulated value. 

In tho construction of standard thermo¬ 
meters tlio cnpillnry tubes used should ho of 
uniform cross - section, care being especially 
taken that thoro nro no abrupt changes. It is 
preferable to employ a tube in which tho boro 
topers regularly rather than one in whioli 
irregular changes of smaller extent occur. 
Tho mercury employed must ho olcan and 
dry, nnd particular oaro must ho taken when 
blowing tho bulb that no moisture is intro¬ 
duced. Traces of moisture lead to contamina¬ 
tion of tho mercury surface, with tho result 
that a Bliarp monisous will not bo obtained, 
or in bad eases a trail of mercury will bo loft in 
tho boro as tho column falls. 

(ii.) High-range Thermometers. — For liigli- 
rango thermometers of tho highest ncournoy 
tho precautions and remarks under the heading 
of “Standard Thormoinotem” apply, and in 
addition Bovernl other considerations liavo to 
bo falcon into account. Tlio boiling-point of 
moroury is about 3fi0° C. at atmospherio 
pressure, nnd is lower than this nt lower 
pressures; consequently, if a mercury thermo¬ 
meter is constructed in tlio ordinary way, 
with tho space above tho mercury free from 
gas, it will not bo possible to uso the instru¬ 
ment at temperatures above 2C0 Q C 1 ., owing 
to tho splitting up of tho column duo to tho 
mercury boiling. In fact, at temperatures 
above 160° C., troublo iB caused by distillation 
of mercury from tlio top of tho column and 
its subsequent deposition in tlio cooler parts 
of tho tube. Tills is specially noticed when 
tho thormomotor is need with tho whole of 
tho column immersed in tlio medium whoso 
tomporaturo is boing measured. Tho difliaulty 
is ovorcoino by filling tlio spaco above the 
mercury with a gas at suoli a. pressure that 
tho boiling-point of moroury is raised to a 
tomporaturo higher than that whioli it is 
desired to .measure. Tho gas generally em¬ 
ployed for this purpose is nitrogen. Tho uso 
of air is undesirable, owing to tho slow oxida¬ 
tion of tlio mercury which takc3 placo. Carbon 
dioxido may also bo employed. Tlio presence 
of moisture must bo guarded against. The 
pressure of tho nitrogen required in a thormo- 
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motor intended to read up to 450° C. is 1/5 
atmospheres, and two methods nro available 
for constructing such instruments. In the 
first, the thermometer is sealed off with tho 
space above the mercury filled with nitrogen 
at atmospheric pressure, the dimensions of tho 
chamber at tho upper end of tho boro having 
previously been adjusted so that tho desired 
pressure of tho gas is obtained by compression 
us tho mercury rises in the boro of tho thermo¬ 
meter, To attain a pressure of 1 fi atmosphores 
with nil initial pressure of 1 atmosphere it 
will thus bo scon that a comparatively small 
chamber is required. Tho second method 
involves tho use of a much larger ohdmbor, 
which is initially filled with gas at tho maxi¬ 
mum pressure required. A difficulty at once 
arises in floating off such thormomotora. This 
is generally dono by attaching a short longth 
of capillary tube to tho instru- 
]? monfc abovo tho ohambor and 

• I inserting in this tube a small 

11 partielo of shellac or fuslblo motal. 

I ]/StM -^ l0 histruinont is connected to 
I 4 a supply of nitrogen under pross- 

' \ nro through tho capillary tube. 

J\\ Whon the instrument lias boon 
// \\ filled with gas tho portion of tho 
\ tube holding tlio shellac or fusible 
Jrnp motal is warmed, so that tho 
matorial melts. On cooling it 
J'M again solidifies, forming a toin- 

V porary soal, onabling tho thormo- 
motor to bo disoonnooted from 
tlio gas-supply and to bo properly 
__ - Bom soalod off at ft fow conliinotrcs 
above tlio temporary seal. Tlio 
preseneo of tho shellao or fusible 
1 ’ia, 7. metal has no sulwoquonb effect 
on ilio action of the instrument. 
It is usual, Imwevor, to insert a partition 
across tho clntmher, ns shown in the accom¬ 
panying diagram (. Fuj . 7), to prevent tho 
sealing material coming in contaob with tlio 
moronry or tho boro of tho tube. Another 
method which is employed is to seal off tho 
thormomotor olootrioally insula a space filled 
with gas at tlio desired pressure. 

Tho first of those'two types of construction 
is lews desirable for three reasons: firstly, 
although tho volutno of tho ohambor may 
ho designed so that tlio required gas pressure 
may ho obtained for tlio highest tompora- 
turos to which tho thormomotor is subjected, 
tlio amount of compression may not bo miffl- 
oionb at intermediate points j Hooondly, tho 
intornal pressure on tho bulb varies from 
atmosphorio to the maximum valtio ill tho 
first mothod of construction, thoroby ohanging 
tho soalo values in different parts of tho tube; 
thirdly, if tho thormomotor ho boated slightly 
abovo tho maximum tomporaluro for which 
it is designed a dangorous iuoroaso of prossuro 


may result. Attention must also ho paid to 
tlio shape and thickness of the bulb in the 
construction of high-range thermometers to 
enable them to stand tho high pressures 
involved. Should moronry- ho separated from 
tho main column by distillation it onn bo 
joined up by warming tho instrument to n. 
tamporaturo abovo the region in which tho 
moronry has boon deposited, On slowly 
cooling tho instrument tho column will bo 
found to bo rejoined. 

In using a gas-filled thormomotor it occa¬ 
sionally happens that tho mercury column 
becomes broken by a bubble of gas. If tlio 
bubble cannot bo removed by carefully 
tapping the instrument it booomos necessary 
to cool down tho thermometer so that all 
tho mercury is contained in tlio bulb. This 
may lie done by means of solid or liquid 
carbon dioxide, care being taken to cool tho 
instrument slowly at first. Tho instrument 
is then slowly warmed up again, when tlio 
gas will lm driven in front of tho rising column. 
It may bo noted that a mercury thermometer 
may bo cooled, without risk of fracture to 
tho bulb, in solid carbon dioxido to a tempera¬ 
ture below tho freezing - point of moronry, 
owing to tho faob that moronry contracts on 
solidification. 

For tho construction of high-range lliormo- 
motors a suitable glass must bo chosen. Tho 
glass must show no signs of softening at 
temperatures up to fiOfi 0 ()., and, further, must 
bo of satisfactory thorinomotrio properties. 
Tho typo of glass employed is a hard boro- 
silicate glass of which Jena GO’" affords a 
satisfactory example, For work up to 4G0° 0. 
it is usual to construct tho bulb and stem of 
the same material. It Jena 69>» bo used 
an enamel backing cannot bo employed, and 
in its plaeo it is customary to grind tlio book 
of tho thormomotor in order to mako the 
divisions more easily visible. With glass of 
English manufacture (Powell’s borosilicato 
glass) it 1ms been found possible) to employ 
an otiamol backing for use up to this tempera¬ 
ture, and tlio resulting instruments nro con¬ 
sequently easier to rood. Tho blade pigmont 
rubbed into tlio divisions should be burnt in 
to secure a pormnnont olToot. All high-rango 
thormomoters must bo thoroughly annealed 
before boing pointed, as tho ohango in zoro 
may easily amount to 20° or 30° with somo 
instruments. 

(iii.) Chemical Thermometers .—For con- 
vonionco in chemical work thermometers are 
frequently mado in sots of sovon instruments 
to oovor tho rango from 0° to 4G0° 0, Such 
instrumontH are often tormed “ Anschutz ” 
thormomoters. They nro generally provided 
with small bulbs, and liavo tho zero point (or 
sometimes a short rango in tlio neighbourhood 
of 10° C.) on oaoli Instrument. These instru- 




THERMOMETRY 


1005 


monte aro particularly useful in tlio deter¬ 
mination of the molting- and boiling-points 
of organic substances. Among tlio numerous 
instruments of special ranges maybe mentioned 
the benzol and toluol thermometers, which 
comprise a short scale in tlio noiglihonrhood 
of the boiling-points of these substances, and 
which are used in controlling tlio fractional 
distillation of these liquids. These instruments 
are generally employed partially immersed, and 
the tables of corrections supplied for use with 
theso thermometers should in consequence ho 
determined for this special condition. 1 

In industrial operations the use of very 
long thormomoters is occasionally mot with. 
These thormomoters may have tho soate 
starting at a point soino 100 to 150 om. 
from tho hull). In tho ease of such instruments 
care must ho taken that doQnito conditions of 
immersion aro adhered to j otherwise consider¬ 
able errors may result, owing to tlio relatively 
large amount of mercury contained in tho 
capillary stem. To rcduco errors arising from 
this source it is customary for sqmo thormo- 
motor-mnkorfl to employ a Anor-boro capillary 
for tho undivided portion oE tlio atom than is 
ubccI for tlio graduated part. This typo of 
thermometer is also frequently onclosed in a 
metal sheath, and tlio uso of such a sheath 
must ho taken into account when comparing 
tho unmounted thormomotor with standards, 
The otieloBuro of a Ihormomotor in a metal 
sheath is in many instances equivalent to 
lining tho instrument tirnlor conditions of full 
immersion, owing to tlio high conductivity 
of tlio metal. On tho other hand, tho omploy- 
mont of a motal sheath tends to malm a 
thormomotor move sluggishly in responding 
to ohangos of tomporaturo, owing to tho 
inoroasod boat oajiaoity of tho instrument, 
Other typos of ohomicnl thormomotor do 
not call for spooial consideration. Tho remarks 
given fthovo in connection with standard 
thovmomotors apply, having regard to tho lower 
acouraoy with which ordinary ohoinioal tbornio- 
motoi'fl need to ho rend. 

(iv.)Meteorological Thermometers. —Inmotcor- 
ologioal work a number of special typos of 
thormomotor aro omployed, and tlio main 
features and construction of these aro dealt 
with in tho following paragraph. Tlio accur¬ 
acy with which temperatures are required 
does not in general oxecod 0T°, and tho 
range of tho tliormometors is limited to those 
tomporaturos wliioli ooour in natural pheno¬ 
mena. The tomporaturo of tho air at any 
timo may ho determined by observation of 
tho ronding of an ordinary typo of ohoinioal 
thormomotor ranging from about -30° F, to 
lfft) 0 F. Snob a thormomotor, divided _ to 
wholo or half degrees, oan lie road by estimation 
to 01® F. For meteorological purposes, how- 
* 8 cu “ Bmorgont atom Correction,” § (9). 


ever, tho value of tho air temperatures at 
any dolinite timo is not so important as tho 
knowledge of tho fluotnntions which tuko 
place over a period, and hence various types 
of maximum ami minimum thormomotor 
have been developed for recording the highest 
and lowest temperatures attained during a 
given period. 

(«) Maximum thermometers arc of tho 
mercury typo, and aro provided with a dcvico 
which allows the mercury to rise in tlio stem 
when tho instrument is subjected to an 
increasing temperature, but which prevents 
tho mercury falling again when tho tempera¬ 
ture is lowered. Three devices In accomplish 
this end may ho mentioned. In tho first tho 
stein of tho thormomotor is bout at a short 
distance abovo tlio bulb, and a small piece 
of glass is fixed in tlio capillary at this bend. 
As tho mercury in tho bull) expands the 
pressure enables it to pass tho obstruction, 
which does not completely fill the boro of tlio 
tube ■, hut on again contracting thoro is not 
sufficient pressure behind the mercury column 
to force it past tho obstacle, consequently 
tho column is broken at this point and a 
thread of morcury is loft in tho boro of the 
tube, of such a length, that its farther end 
indicates the highest tomporaturo to which tho 
instrument has linen exposed. Such a Lhci'ino- 
motor must ho perfectly free from air, otherwise) 
tho pressure of this gas will drive tho moronry 
hack past tho obstruction. Furthermore, tho 
instrument is used ill the horizontal position 
to prevent tho woiglit of tho mercury column 
producing tlio Buino oiloot. To reset tho 
instrument for one tho thermometer is turned 
into tho vortical position and gently swung 
with tlio bulb downwards ; tho moroury then 
flows past tlio obstruction and joins on to that 
contained in tho bulb and lower part of the 
In ho. 

In anothor typo of instrument, known as 
tho “ air - spook ” maximum, tho mercury 
column is interrupted by a small bubble of 
gas; tho short Longth of moroury abovo this 
bubble acts as an indox. On rising tempera, 
lures the indox is pushed forward by tho nil- 
driven in front of tho expanding column of 
moroury ; hut on cooling, the index remains 
at tlio highest position rcaoliod, tho space 
between tho indox and tho main column 
boing occupied by tlio small amount of air 
originally introduced. This instrument is 
also used in the horizontal position to avoid 
the woiglit of the moroury in tho index forcing 
it back towards the bulb, Tlio Instrument is 
rosot in tho way abovo described. 

A third typo of maximum thermometer is 
similar in its action to tlio first typo above 
mentioned; but in this onso tho column is 
broken on red notion of the temperature by a 
constriction of tho boro of tho thormomotor. 
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The method of use is similar to that employed 
with tho instruments already doalt with. 
“ Clinical Thermometers” (q.v .) form nil example 
of this typo of maximum thormomotor. 

(ft) Minimum Thermometers .—For tho deter 
initiation of tho lowest tomporaturo spirit 
thermometers are generally used, Theso are 
provided with ail index of coloured glass, 
consisting of a length of about 2-3 cm. of 
very thin glass rod, fused at each end to form 
a small Juinb. This typo of thormomotor is 
used in a horizontal position, and is sot prior 
to taking an observation by tilting tho instru¬ 
ment with tho bulb upwards. This allows 
tho index to move down tho tube until tho 
ond romoto from the bulb of tho thormomotor 
is in contaet with tho moniscus of the spirit 
contained in tho tube. When tho tomporaturo 
falls tho alcohol contracts and the light glass 
index is drawn back with tho contracting 
liquid owing to tho tonsion of its free surfaco. 
When, howovor, tho liquid expands on riso 
of tomporaturo it flows past tho index, Ioaving 
it in tho lowest position occupied. 

Anothor typo of minimum thormomotor is 
one containing mercury. It is of somewhat 
moro complicated design and works in tho 
following way. A small sido tubo is attaohod 
to tho oapillary about 1 in, from tho bulb. 
This sido tubo, which is scaled at its farther 
end, contains a small platinum plug which 
duos not onliroly fill tho boro. .Tho construc¬ 
tion of tho instrument is indicatod in tho 
accompanying diagram (Fig. 8), in whioh C 
roprosonts tho platinum plug contained in tho 
sido tubo B attached to tho capillary A. 
Tho instrument is first hold with tho bulb 
downwards so that tho tubo B is filled with 
c moroury j tlion, by raising 
tho bulb ond of tho tubo, 
tho moroury is nllowocl to 
flow from B past 
tho plug C until 
tho surfaco of tho 
moroury reaches 
0. If tho opera¬ 
tion is carried out slowly, on furthor tilting tho 
thormomotor tho moroury will romain in contact 
with tho plug C, and tho instrument is tlion 
ready for uso whon auspondod in a horizontal 
position. On ooollng tho instrument tho mor- 
oury will contract and fall in tho tubo A, but 
on subsequent incroaso of tho tomporaturo mer¬ 
cury will oxpand into tho tubo B past tho plug 
0 , Ioaving tho ond of the column of moroury in 
tubo A, indicating tho lowest tomporaturo to 
which tho instrument has heon submittod. 

(c) Combined Maximum and Minimum 
Thermometer ,—Anothor typo of thormomotor 
is frequently oinployod whioh combines botli 
purposes. This is known ns Six’s solf-rcgistor- 
ing thormomotor. Tho instrmnont is not as 
aoourato ns Is generally required-for many. 
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meteorological purposes, but suffices in othor 
cases. Tho accompanying diagram (Fig. £)) 
illustrates tho construction of tho instrument. 
A capillary tubo bout into a U-tube terminates 
in a bulb at oaoh ond. Tho oapillary contains 
moroury, while one of tho bulbs is completely 
filled with alcohol mid tho othor partly filled. 
A glass index is contained in each arm of tho 
tubo almvo the moroury and surrounded by 
alcohol. Attached to 
theso glass indices are 
fino iron wires, whioh 
servo two purposes: 
firstly, they not ns light 20 
springs whioh press 
against tho walls of tho 
tube and prevent tho 
indices falling under 
their own weight; 
secondly, they servo in 
resetting tho Instru¬ 
ment, whioh is done 
by means of a magnet 
brought up to tho out¬ 
side of tho tube. Tho 
nmgnotis lowered when 
opposito tho indices, 
mid draws thorn down p I0 

so that thoir lowor ends 
rest on tho surfaco of tho moron 
two arms of tho U-tubo. On exposure of 
tho instrument to an increasing tomporaturo 
tho spirit in tho bulb A expands and driven 
the moroury in tho U-tubo bofuro it; this 
misos index B, whilo when tho tomporaturn 
falls tho spirit contracts and pulls the moroury 
back, which in turn drives tho index C up 
tho othor arm of tho U-tubo; soales are 
attaohod to each of theso tubes and tlio 
position of tho lower onds of tho indices gives 
tho maximum and minimum temperatures 
respectively to which tho instrmnont has 
boon exposed. It is, of oourso, obvious that 
tho scale attached to tho tube containing the 
maximum indox will bo figured upwards, while 
that of tho othor arm will bo figurod down¬ 
wards. In a varioty of this thormomotor, 
known ns tho Dimonuon thermometer, tho 
U-tubo is kept in tho horizontal position for 
reading; tho iron springs attaohod to tho 
indioos then booomo unnecessary and tho 
instrument is rosot by tilting it into a position 
approaching tho vortical, 

(v.) Earth Thermometers.—A special typo 
of thonnomotor is sometimes employed in 
determinations of tho tomporaturo of tho 
soil;. tho instrument is attaohod to a oliain 
niul is loworod to tho required depth within 
a tubo of diameter slightly largor than that 
of tho thormomotor, tho tubo aftor insertion 
of tho thormomotor being closed by a cover 
from which tho chain is supported. Tho 
thormomotor employed usually difiora from 
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rui ordinary instrument in that it is made 
vory sluggish in action ; this modification 
enables the temperature to ho read before 
the instrument has time to respond to any 
change of temperature to which it may be 
exposed on boing withdrawn from tho soil, 
while tho sluggishness of tho thermometer 
offers no disadvantage in, picking up the 
tomporature of tho soil, as tho latter changes 
at a very slow rate, Tho sluggishness may bo 
obtained in two ways : (a) tho walls of tho 
bulb arc mndo of vory thick glass (3-4 mm.) 
associated with a largo oupacity; (b) a more 
ordinary typo of thermometer is enclosed in 
a sealed glass tube, the spaoo around tho bulb 
boing Pilled with paraffin wax. 

(vi.) The Deep-sea Thermometer. — In 
oceanographical surveys tho determination of 
tho temperature of tho sea at varying depths 
plays an important part in investigations of 
tho direction of currents. An early method 
of carrying out such an investigation was to 


partially filled with mercury (E), access to tho 
other portion of tho tube being stopped by 
means of a seal at I); tho object of tins 
mercury is to increase tho rapidity with which 
tho thermometer picks up tho surrounding 
temperature. Tho details of tho modifica¬ 
tion are shown in the small diagram, Fig. 11. 
When tho instrument is in its normal position, 
mercury flows past tho curved portion into or 
out of tho enlargement G and tho capillary; 
on inverting the thermometer tho column is 
broken at tlio point F, and flows out of tho 
enlargement G into the chamber II at the 
upper ond of tho stem, filling this together 
with a portion of tho capillary. Now if, after 
reversal, the temperature to which the instru¬ 
ment is exposed ib increased, mercury will 
expand from tho bulb and will flow past 
tho bond (F), but will bo prevented from 
joining tho portion separated off until tho 
enlargement G has been filled. Tho dimensions 
of this enlargement mo therefore adjusted so 
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Bond down to tho required depth a sampling 
bottle, and tho temperature of tho water 
thereby scoured was taken by nil ordinary 
thermometer. The obvious objection to Ibis 
method is that tho temperature oE tho sample 
may ohnngo while the latter is boing drawn 
up, especially if the doptli from which it is 
tajeon is considerable. To ovorcomo this 
difficulty a speoial typo of thormomotor known 
ns tho “ doop-soa reversing thermometer ’’ 
has been ovolvod. This instrument consists 
of a thormomotor of speoial design enclosed in 
a stout-walled glass sheath capable of with¬ 
standing a pressure of throe or four tons per 
square inch. In order to obtain a reading 
of tho instrument it is mounted in a speoial 
carrior or frame, 1 by means of which it may 
lie turned upside down when at a depth at 
which an observation of the temperature is 
required. On being rovorsod tho mercury 
column is broken at a modification in tho 
boro and is allowed to ilow to tho othor ond 
of tho capillary tube, whore it fills an enlarge¬ 
ment of tho bore and a portion of the stem. 
Tho scalo of tho instrument is arranged in tho 
opposite direction' to that of mi ordinary 
thormomotor, so that tho yolumo of moroury 
overflowing is read while tho instrument is 
still in tho inverted position. Fig. 10 shows 
tho latest form of tho instrument: A iB tho 
speoial thormomotor employed onolosed in tho 
sheath; C, tho portion of tho sheath in which 
tho bulb of tho thormomotor is situated, is 
> Sco article on ” Oceanography/ 1 Vol. III. 


that in pnuitlco tho quantity of moroury 
resulting from furtlior healing of tho instru¬ 
ment will bo iiwufiieient to fill this space. Tho 
diagram shows n second thorinomotor II on¬ 
olosed within the nhonth, tho bulb of which 
is in close proximity to tho chamber II; tho 
object of this is to enable n correction to lie 
mndo for any clmngo in volume of tho moroury 
which may result owing to tho tompomturo 
at which tho instrumont is road boing different 
from that at which tho tfiormo- 
nicter was inverted. This is neces¬ 
sary ns tho moroury contained in 
the chamber II will expand if its 
temperature rises, and thoroforo 
tho rending on tho scnlo will bo 
higher than that at which it was 
separated off. On each thermo- 
motor will bo found tho volumo 
of til is chamber in sonlo divisions, 
while tho nature of tho glass of 
which tho thermometer is con¬ 
structed is also noted. Suppose 
tho auxiliary thermometer shows 
a reading higher than that of tho dcop-soa 
thermometer by f, then tho rending of tho 
dcop-soa thormoniotcr is higher than Us fcruo 
rending by an amount equal to lx volume of 
chamber II x apparent coefficient of expansion 
of moroury in tho glass of which tho thonna- 
molor is constructed, 

(vii.) The Pentane Thermometer ,—As previ¬ 
ously raontionod, blio use of pentane offers 
considerable advantages in the conafruotiou 
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of thermometers for work fit low temperatures. 
Its ohief value lies in the fact that pentane 
remains fluid at temperatures as low ns that 
of liquid air, although in this neighbourhood 
it is somewhat viscous. Caro must bo exer¬ 
cised in cooling down the thormomotor to 
avoid the liquid sticking to the walls of the 
capillary, especially at very low tomporatures. 
Commercial pentane i3 used in tho filling of 
these thormoinoters. 

In tho manufacture of ordinary thermo¬ 
meters it is usual to point tho instruments 
at a series of tomporatures determined by 
working standards. To carry this out in tho 
onso of a pentano thormomotor it would bo 
necessary for a supply of liquid air to be 
available. This iB not- always possible, but 
an accurate instrument may, howovor, bo 
obtained by making uso of previously deter¬ 
mined values of tho coefficient of expansion 
of pentano. ltotlio 1 has determined these 
values for technical pontnno, and ho points 
out that a low-rango thermometer may bo 
onlibmtod by obtaining tho point corresponding 
to -78-2° C. by tho immersion of tho thermo¬ 
meter in a mixture of oarbonio acid snow and 
absolute alcohol, tho former being in excess. 
The point corresponding to -100° C. is then 
obtained by measuring off a length equal to 
ono quarter of the distanco botweon 0° C. 
and -78'2° C., and marking this bolow the 
lattor point; while tho position of tho - 200° C. 
point is given by marking off bolow tho zero 
point a length 2-23 times tho length from 0° C. 
to - 78-2° C. Tho position of tho - 200° 
point may also bo obtained by a weighing 
method, since tho volume of tho bulb and 
capillary up to tho 0° C. division is 4-47 times 
tho volume contained between tho 0° C. and 
-200° C. divisions. Tho above motliod, of 
cottrao, depends upon tho tubing olioscn being of 
uniform oross-sootion, and this must bo verified 
prior to tho construction of tho instrument. 

(viii.) Calorimetric and Beckmann Thermo¬ 
meters .—For cnlorimctrio and similar purposes 
a thormomotor of short range is required which 
may bo capable of being road to a high dogreo 
of accuracy; those instruments nro conse¬ 
quently divided to hundredths of a degree 
centigrade, tho longth of one degroo occupying 
about fjf) min. Using a telescope of low power 
it is thus possible to read tho instrument to 
0002° or ovon 0-001° O, Many of tlieso 
instruments have a scale of about .10° or 12°. 
In order to ovoroomo uncertainties duo to 
capillary olfocts such instruments are gonomlly 
provided with a relatively largo bulb so as to 
avoid the uso of an unnecessarily Pmo boro 

ndd bo so 
ith wliioh 
io to the 
ducod by 
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continuously tapping tho thermomoter oi 
supporting it in such a way that it is subjected 
continuously to a small amount of vibration : 
this, of course, must not bo so great as tc 
interfere with the accurate reading of the 
instrument. Thermometers of this type have 
a largo lag, and it is necessary to make allow¬ 
ance for this in some cases. In 
calorimetric work it is also noccs- 
sary to allow for tho heat capacity 
of tho immersed portion of tho 
instrument. 

In order to avoid instruments 
of unwieldy length it is necessary 
that the range should be short to 
provido tho required openness of 
scale, and it frequently becomes 
desirable to provide a series of such 
instruments of different ranges. 

Tho Beckmann thormomotor obvi¬ 
ates this, as it employs a device 
by means of whioh tho range may 
bo adjusted as required. Tho 
soalo is generally of a length 
equivalent to 6° 0., and is figured 
from 0 to 5. Tho device used is 
shown in tho accompanying diagram, Fig. 12, 
in whioh it will bo scon that a chamber is 
provided at tho upper end of tho scale; the 
objeofc of this is to accommodate tho portion 
of tiio moroury not required ; and by expelling 
tho oxeoss moroury into the chainbor tho zorc 
of tho scalo may bo adjusted to correspond 
to any value desired over a fairly wido rango. 
Tho value of each scab division change! 
according to tho quantity of morcury Pilling 
tho bulb and atom up to tho zoro mark, and 
allowance has to bo made for this. A typicai 
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sot of curves showing tho corrections to anj 
part of the scale for definite values of tin 
zoro is given in tho accompanying diagram 
Fig, 13. In most work for which this typ< 
of thormomotor is used ft knowledge of anj 
individual temperature to a high order a 
aeoiiraoy is not required; what is required ti 
bo known, howovor, is the difference botweoj 
two tomporatures. Thus, a very exact deter 
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munition of tho temperature corresponding to 
any particular zero sotting is unnecessary. 

Tho setting of the Beckmann thermometer 
to any desired range is accomplished by trial. 
Tho instrument is ivarmcd by immersion in 
a bath until tho mercury begins to How into 
tho upper chamber; tho instrument is then 
sharply tapped or jerked, with tho result that 
some moraury breaks off from tho main column 
at tho junction of tho capillary and its enlarged 
portion ; tho temperature is then lowered and 
a reading taken with an auxiliary thermo¬ 
meter when tho mercury stands at zero on 
tho soaio of tho Beckmann instrument. If 
this temperature is higher than desired, it is 
necessary to run tho mercury up the tube 
and break off still more mercury from tho 
main column. This process is repeated until 
tho desired zero is attained. If at any point 
in tho procedure more moroury than necessary 
lias been removed, the column is rejoined by 
running tho mercury to tho top of tho tube 
and inverting tho instrument. Tho moroury 
in tho expansion chamber will then join on 
to tho main column and bo drawn hack into 
tho capillary as the tomporature falls j whon 
sufficient moroury has boon carried over, the 
column is again broken by returning the 
thonnomotor to its normal position and 
tapping tho instrument. In tliiB way it is 
possible, after a little experience, to adjust 
tho thonnomotor to any required zoro value 
after two or tliroo trials. In somo instruments 
tho enlarged portion of tho capillary which 
servos as an expansion ohambor is graduated 
with a soaio of degroos in orclor that an estimate 
may bo made of tho amount of mercury to 
bo separated oil; this soaio is, however, so 
contracted that it is not of groat valuo in 
obtaining an accurate sotting of tho zoro. 

Roforring to Fig. 13, it will bo booh that all 
tho correction curves nro brought to a common 
origin, but that at tho uppor ond of tho soaio 
tho curves soparato by approximately equal 
amounts for equal differences in zoro setting. 
Correction ourvos for any other sotting of 
the zoro may bo drawn by taking proportional 
amounts of tho differences botwcon two curves. 

To obtain by calculation tho valuo of a division 
of a Beckmann thonnomotor saalo corresponding to 
any givou sotting of tho zoro n knowledge of tho 
expansion of moroury and of tho glass of which tho 
thermometer is constructed is neocssary. Assume 
that F(T) and /(T) represent tho volumes at T° of 
unit volumes of moroury and glass respectively 
measured at 0° C. Let V 0 bo tho volume at 0 G. 
of tho bulb of a Beckmann thermometer togothor 
with that portion of tho oapillary up to tho zoro 
division of tho soaio, and v 0 tho volume, also measured 
at 0° C„ of a length of capillary corresponding to ono 
soaio division; it is assumed that tho oapillary is of 
uniform boro ami that tho divisions of tho scale nro 
equidistant. 

Lot T bo tho temperature at which tho moroury 
VOI.. I 


column coincides with the zero of the scnlo for a 
particular setting of the instrument; tho volume of 
mercury contained in tho bulb will therefore bo 
V 0 /(T), and this will correspond to n« initial volume 
of moroury measured at 0 3 C. of V 0 /(T)/F(T). 

Now if tho temperature be raised to 0 so that the 
scale reading of the thermometer is x 6 divisions, tho 
volume of mercury becomes 



• F(0). 


Tho volume of tho hull* has changed to V o /(0) and 
tho volume of x g scale divisions is xgV 0 f(O), Hence, 
equating tho volume of moroury and that of the 
containing vessel. 


Vo/(T). F(fl) 
F(T) 


v 0 m+x e vom. 


and by transposing, 

* Vq/f(Q)/(T) y 
* 0 lF(T)/(tfj V 

This oxpression gives tho scale rending correspond¬ 
ing to any temperature 0 for nny setting T of tho 
zero, in terms of tho ratio V 0 /r 0 . 

To evaluate V a /«> 0 tho reading of tho instrument 
must bo known corresponding to any valuo of 0 other 
than <?»T. (Tho value 0 =T corresponds to the zero 
sotting of tho scale, when x g = 0.) 

III the construction of a Beckmann thermometer 
it is usual to point tho scale at tho uppor end under 
tho condition of tho zero of tho scale corresponding 
to 0° C., i.c. T-0, so that for tho usual typo of 
Instrument llio division 5 will correspond to C° C. 
Ilcnco V 0 /e 0 for this particular enso will bo given by 

Vs m 

m-m' 

wlioro = 5° O. 

(ix.) Clinical Thermometers .—Tho ordinary 
oliulaal thonnomotor used for tho determina¬ 
tion of tho temperature of tlio human body 
or of animals is a moroury thonnomotor of 
flhort range of tho maximum typo j that is 
to say, tho tliornioinoter registers tho highest 
tomporature to which it lias boon exposed 
since re-sotting. Clinical thermometers em¬ 
ployed in this country, tho Colonies, and 
America aro almost invariably divided on 
tlio Fahrenheit soaio; on tho Continent tho 
oontigrado soaio is generally .used together 
with tlio Rfouinur scale to a much smaller 
oxtonfc. Tho range.of temperature neecssary 
to saoh a thermometer is 95° to 110° F. or 
3C° to 45° C. A speoial typo of thermometor, 
known as tho “ surface oliuioal thorraometer,” 
employed for the determination of skin tem¬ 
peratures, is divided ns low ns 8C° F, Tlio 
onrliest typo of clinical thermometer was 
known as tho "hospital thermometer,” and 
was not self-registering j it was of the normal 
clinical thermometer range, but was road while 
in the patient’s mouth. An improvement on 
this was tho “ Phillip’s index thonnomotor,” 
in which a small thread of mercury was 

3 t 
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separated from tho main column by an air 
spook j on a rising temperature the short 
length of mercury advanced in front of the 
main column, but on again lowering tho 
temperature tho main column foil while tho 
index column remained stationary. This 
thormomotor was liable to got out of order 
when tho instrument was re-sot by slinking, 
as tho index column frequently joined on to 
tho main column. A later development was 
tho introduction of a slightly narrowed boro 
which to a certain oxtont prevents this join¬ 
ing up. This led to the introduction of tho 
modern constricted • boro maximum thermo- 
motor, in which tho index thread separated 
from tho main column by an air spook is 
dispensed with. Tho constriction is made by 
blowing a small enlargement in tho boro of 
the capillary a short distanco abovo the bulb ; 
boating tho tnbo on one side opposite tho 
enlargement with a very small flame causes 
this to collftpso and so produce a constriction 
in tho tubo. Tho amount of constriotion must 
ho such that whilo tho morcury passes freely 
on expanding when tho instrument is raised 
in tomporaturo, it must bo sufficient to prevent 
tho mercury running baok wlion tho tempera¬ 
ture falls. At tho same timo tho boro must 
not bo so constricted that it is unreasonably 
difficult to cftuso tho moroury to join up wlion 
tho instrument is shaken or swung from tho 
end opposite tho bulb. A skillod gloss-blowor 
can frequently adjust tho tightness of the 
constriotion oifcher in tho direction of closing 
it by rolioating and causing furtlior oollapso 
of tho glass, or oponing it by forcing moroury 
past whilo tho glass is slightly softened in 
tho blowpipe flamo. Tho shapo of tho con¬ 
striotion lias a considerable effect upon tho 
smooth working of a clinical thormomotor; 
if it is not sufficiently sharp tho moroury 
column tends to draw hack into tho bulb 
instead of parting cleanly immediately tho 
tomporaturo bogins to fall. Further, tho mor¬ 
oury column may tend to " jump ” ns tho 
tomporaturo rises j in this caso tho column 
duos not rlso in tho capillary steadily with 
gradual inoronao of tomporaturo but proceeds 
in a soi'ies of jorka. In a bad caso this jump 
may oxocod a dogreo Fahrenheit although its 
ordinary mngnitudo is of tho ordor of a fow 
tenths of a dogreo. Anothor device by moans 
of whioh moroury thermometers may bo 
rendered solf-rogistoring is known as tho 
“ ohoko bore ” ; this method is employed for 
thcrinomotors of tho onolosod soalo typo, 
principally made on tho Continent. In tlioso 
instruments tlio moroury column Is provontod 
from falling by tho introduction of a splinter 
of glass into tho ond of tho boro of tho thermo- 
motor at its junction with tho bulb} tho 
thread of glass is kopt in position by being 
oalod into tho opposite ond of tho bulb, 


These instruments are apt to get out of order 
owing to tho fine point of glass forming tho 
ohoko being broken off in shaking down tho 
mercury column. 

As previously mentioned, tho operation of 
resetting a maximum thormomotor is shaking 
or swinging tho instrument so that the morcury 
is forced towards tho bulb. Other methods 
have boon introduced to accomplish this with 
less trouble than is sometimes experienced in 
shaking down a thormomotor. In one device 
two constrictions aro used at a slight distanco 
apart; these constrictions are not so light as 
in tho ordinary caso, thereby allowing tho 
moroury column to ho rejoined with much 
less offorfc j tho doublo constriction, however, 
prevents tho moroury being drawn baok into 
tho bulb wlion tho moroury contracts on fall 
of tomporaturo. Anothor method, known as 
tho “ Davidson patent,” is mado by providing 
a small metal plunger at tho upper ond of the 
boro; this plungor works through a motni 
oap on to a disc of rubber covering an enlarge¬ 
ment in tho boro of tho tubo; tho enlarge¬ 
ment is filled with moroury, which is soparatecl 
from tho main column in tho tubo by a small 
quantity of air; pushing in tho rubber, disc 
by moans of tho plungor forces Homo moroury 
down the bore, driving tho air before it; this 
in turn causes tho moroury column to flow 
baok past tlio constriotion. Tho instrument 
is liablo to got out of order owing to tho 
perishing of tlio rubber disc. This difficulty 
is overoomo in anothor typo of Inst nun on t 
known as tho “ Ropollo thermometer,” in 
whioh tho movomont of tho moroury piston 
is obtained by slight pressure upon a flattened 
bulb of tougiionod glass sonloil to tho uppor 
ond of tlio boro 5 as in tho previous ease, tlio 
mercury contained In this bulb is separated 
from tho indicating column by moans of a 
small quantity of air. 

In taking a tomporaturo by inserting a 
clinical thormomotor in the mouth it is soon 
realised that tho final reading of tho instru¬ 
ment is not readied as quiokly as it would 
bo if the thormomotor wore immorsod in n 
bath of water. Tho reason for this'is thnl 
tlio introduction of tlio thormomotor onuses 
looal ooollng, boat boing abstracted in ordor 
to warm up tho moroury in tho thormomotor; 
and an interval of time is necessary before 
tho circulation brings tho surrounding tem¬ 
perature baok to tlio actual tomporaturo of 
tho blood. It is obvious that this disturbance 
will bo loss tho smaller tho quantity of moroury 
contained in tho bulb, and honoo it is customary 
to limit tho size of tho bulb to produce a 
reasonably rapid instrument. As a oonso- 
quonco of this, it is soon that tho boro of 
tho oapillary used .must also ho very small, 
especially whon it Is taken into aocount that 
an open soalo is desirable—tho clinical raugo 
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of 15° generally occupies a length of 2 to 
2J- in. With ho lino a horo the thermometer 
becomes difficult to read, nml a device was 
introduced by means of which the mercury 
column could bo magnified in width. This is 
accomplished in tho “ Ions front ” clinical 
tbormometor by employing a capillary tube 
of sootion shown in Fig. 14. If tho instrument 
bo hold so that tho column is 

1 Direction viewed through the sharp edge of 
for viewing t ] 10 R i ftSH ft mu gnificd imago of tho 
z\ Bora thread is scon. The nso of tliis 
dovico is not restricted to clinical 
y thermomotors, but is much more 

frequently employed horo on ac- 


FIG. 14. 


count of tho fine bores used. The 
other dovico usod for rendering a moroury 
oolumn moix) onsily visiblo is by means of a 
fluttonod boro j this, liowovor, cannot be used 
with clinioal thorinomotors ns tho oapillarity 
effects would ho too great for tho instrument 
to bo roliftblc. 

It is oustomary to designate olinioal thorrno- 
motors by torms J- min., 1 min., and 2 min., 
oto., to distinguish between tho slower and 
tho more rapid instruments. Tho torniB aro, 
liowovor, misleading, ns tho timo tnkon by a 
olinioal to pick up a tompnraturo depends so 
muoli on personal fnotnrs ns well ns on tho 
characteristics of the instrument itself. Tho 
J-inin. instrument, for oxamplo, will have 
attained its maximum roading in tliis period 
oE timo when used by some individuals, hut 
in other oases Uio final tompnraturo will not 
bo reached until aftor an interval five times as 
long has olapsod, It, liowovor, may bo taken 
that tho classification is dopondont on tho si/o 
of tho bulb, and that for any givon individual 
a J-miu, thormomotor will bo quicker than a 

1 - min. instrument, which iti turn will lie quickor 
than a 2-min. As a result of a discussion 
bolwcon tlio oliuical thormomotor trade and 
tho National Physical Laboratory and other 
authorities, it has been suggested that tho bulb 
of a J-miii. instrument shall not oxeoed 

2- 4 mm. in diamotor and 20 mm. in length, 
tlioso designated 1 min., 2-0 mm. in diameter 
and 20 min. in longtli, while instruments 
nutsldo tlio lattor sizes siinll Ijo designated 
2 min. In general a 1-min. instrument is 
easier to road than a J-min, instrument, and 
is usually more roliablo in construction, tlio 
lattor being rendered easior by tho larger boro 
of tlio instrument. 

Veterinary thonnomotors are usually of a 
much more robust typo, and aro conse¬ 
quently provided with a larger bulb ; they aro 
honoo slower in notion.. The usually nocoptcd 
*' normal points "for veterinary use arc shown 
in Fig. 16. 

Tho widespread uso of clinical thermo¬ 
meters has lod to the introduction of many 
spooial patterns; tho main types of instru¬ 


ments have been dealt with in tlio preceding 
paragraphs, but amongst others may bo 
mentioned the several forms of aseptic ther¬ 
mometers in which special precautions arc 
taken to avoid infection being conveyed by 
bacteria carried in tho divisions on tlio surface 
of the tube. Tho “insulated” thermometer 
or “Continental” pattern affords an example 
of tliis type, and this is probably its iliain 
recommendation; the scale is completely en¬ 
closed in an outer sheath, and the thermo- 
metcr may bo immersed in an nntisopbic 
solution without damage to tlio marking. A 
variation of this type is afforded by a thermo¬ 
meter in which tlio “ solid ” atom is traversed 
by a slot behind and parallel to the bore ; 
tho scalo is engraved on a thill strip of material 
such ns mien, and is inserted in tho slot j the 
end of the tube is then sealed. Another typo 
of instrument resembles an ordinary clinical 
tlionnomotcr but carries no divisions; for 
purposes of reading, this undivided thermo¬ 
meter is placed inside an auxiliary glass tube 
on tho Burfnco of which tho divisions are 
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ongmvod. Exact registration is nhorded by 
a ground-glasH joint bolwcon tho two, 

.In other varieties of clinioal thormomotora 
modifications of tlio soalo aro introduced to 
rondor tho use of thoso instruments easior 
to tlio gonornl public. For oxamplo, tlio 
Sumnor’a patont lias tho soalo figured with tho 
normal point 08'4° F. ns zoro, enoh degree 
Fahrenheit nbovo or below this being marked 
+ 1.. + 2, ... or -1, -2, , . ., oto. 

Surface olinicals havo boon mentioned; 
tlioso aro frequently niado with a bulb designed 
to give a larger area of contact than would bo 
obtained with ordinary types of oylindrioal 
bulbs. In ono pattern it is arranged in a 
circular form. 

It should bo mentioned that in several 
conn trios clinioal thormomolois aro required 
to bo tested and approved bolero thoy aro 
sold for uso, • 

(x.) Sodium - potassium Thermometers ,—As 
pointed out previously in connootion with 
higli-rango tliormmnetors tho boiling-point of 
moroury is about 360° C., but by tlio intro¬ 
duction of gas under pressure! abnva tlio 
column it is possiblo to oxteml tlio useful 
range of a moroury thormomotor up to about 
600° O. This raises tho question as to whother 
alternative liquids aro available as a tliormo- 
motrio fluid. It has heon found that a mix- 
turo of the metals bo diuni and potassium, in 
tho proportion 4:1, is fluid at a tempera- 
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tuvo as low as —10° C„ whilo tho boiling- 
point of tills mixture is sufficiently high for 
thermometers to bo used up to the limit set 
by tho glass envelope without introduction 
of gas. Tho iiso of tin for high ranges has 
also boon attempted, hut satisfactory results 
have not boon obtained. 

(xi.) Fused Silica Thermometers. —Thermo¬ 
meters have been made replacing glass by the 
transparent variety of fused quartz with a 
viow to increasing slightly the scale of tho 
instrument, and also to avoid tho troublesome 
changes of zero which aro experienced with 
glass thermometers. Tho depression of zero 
with a lnoraury-in-ftisod-silicft thermometer is 
negligible. Tho difficulty, howovor, of making 
uniform capillary tubos of this materia! has 
not yet been ovoroomo successfully for such 
thermometers to bo generally available. 

(xii.) Miscellaneous Thermometers ,—Tho 
electrical types of thormomotors dealt with 
elsewhere offor advantages over moroury 
thormomotors in that thoy can bo made to 
givo a continuous record of tomporaburo 
without great difficulty. Under certain con¬ 
ditions, howovor, it is possible to obtain a 
continuous record with a moroury thermo- 
motor by photographic moans. This has boon 
nsod in commotion with humidity records at 
oortnin motoorologioa! stations. A largo typo 
of thermometer iB omployed with a flattened 
boro, or one where a comparatively wide 
column of moroury iB available. Tho instru¬ 
ment is supported vertically in front of a slit 
bohind which sonsitiBcd papor is oarriod on a 
drum with its axis vortical; a beam of light 
is allowod to fall on tho instrument; tho 
moroury onliinm stops part of tho light, but 
tho latter is ablo to pass through tho thermo- 
motor above tho column and alTcot tho sensi¬ 
tised paper; a trace is thus obtained shoeing 
tho height of tho moroury column. 

Moroury thormomotors may also ho omployed 
to givo warning of temperature fluotuations 
outsido cortain limits, This is nehioved by 
introducing into tho capillary platinum wires 
at points corresponding to tho spooial tom- 
poraturcs ; tho riso and fall of tho moroury 
makes or hronks olootrio contaot with these 
wires and gives tho desired signals. Such 
instruments suitor, howovor, from tho dis¬ 
advantage that tho tompornturos at which a 
signal is given cannot ho varied at will. Tho 
oiirront employed with such instruments must 
bo very small to avoid contamination of the 
moroury surfaco, and honco.thoy should only 
ho used in conjunction with rolays. 

(xiii.) Transmilling Thermometers ,—In in¬ 
dustrial use the ordinary moroury thormomotor, 
while having tho groat advantage of being a 
very simple instrument to road, suitors from 
tho disadvantage that glass instruments aro 
very liable to fracture, and further must bo 


read in siln. Thcso considerations have lorl 
to tho introduction of mercury thormomotors 
employing a metal for tho onvolopo instead 
of glass, while such instruments are made 
“ distant reading ” by tho uso of a metal 
capillary of any desired length between tho 
bulb and the indicator. Tho indicator in such 
an instrument is a Bourdon pressure gauge 
tho soalo of which is calibrated to givo direct 
readings of the tompornturo to which tho 
bulb is exposed. In a recent form of such an 
instrument a number of tho difficulties pre¬ 
viously mot with aro overcome in the following 
way. Tho bulb is of steel hormotionlly con¬ 
nected to a steel capillary terminating in a 
flattened stool tube wound into a spiral which 
constitutes tho gauge. Tho capillary may bo 
of any desired length up to flO or more foot, 
thereby permitting tho indicator to bo removed 
from tho point at which tho tomporaturo 5 b 
being determined by a considerable distanco. 
Tho uso of a long oapillary at once introduces 
a potential sourco of error, ns the quantity 
of moroury contained in tho oapillary itself 
may bo a largo fraction of that contained in 
tho bulb, thoroby rendering tho instrument 
largely dependent upon tho tomporaturo of 
the capillary. In tho particular form of trans¬ 
mitting thormomotor referred to, this objection 
is ovorcomo by introducing into tho oapillary 
a niunbor of longths of “ invar,” the ratio of 
tho diamotor of which to tho internal diameter 
of tho capillary is adjusted so that tho oflcctive 
ohango in tho rolumo of tho oapillary is just 
equal to tho corresponding ohango in tho 
voluino of tho moroury filling it, wlintovcr bo 
tho tomporaturo to which tho capillary in 
exposed. Compensation is also made for 
changes in tomporaturo of tho indicator itsolf 
by connecting tho pointer to tho freo end of 
the Bourdon tubo through tho intermediary 
of a bimetallic strip. 

§ ( 0 ) Emkruhnt Stum Cohkhotion.---F or 
ncourato determinations a thormomotor numb 
always bo used so that tho whole of tho 
moroury oontainod in tho bulb and in tho 
stem is oxpoaod to tho tomporaturo it ia 
desired to monsuro. In many eases, howovor, 
this is not oonvoniont, and it thou becomes 
necessary to investigate tho ofloot producer! 
by omorgonco of a portion of tho stem. It 
will bo obvious that tho length of the column 
not immoraed in tho medium will bo longer or 
shorter according to whothor tho tomporaturo 
to whioh tho stem itsolf is oxposed is higher 
or lower than that of tho medium in which tho 
bulb iB immoraed. Tho latter case is moro 
usual, but tho following reasoning applies 
equally to either condition, duo regard being 
paid to the sign of tho resulting correction. 
Consldor tho onso in whioh a thormomotor 
is used so that tho moroury column oxtomls 
n degrees above tho lovol to whioh tho infltru- 
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monk is immersed, while t is the mean tempora- 
tui’O o£ tho mercury occupying theso n degrees 
unci 0 is that of the bath ; if the whole of the 
thermometer hiul been raised to tlio tompera- 
tiu'O 0, tlic column would have oxpanderi by 
an amount equal to n(0~t) x apparent ecieffi- 
oient of expansion of mercury in the gluss of 
-\vhioh tho thermometer is constructed; tliia 
amount in therefore tho correction which lias 
to lio added to tho reading of the thermometer 
to give tho true tompernturo of the bath, that 
in r/> (the correction required) = A x n x (0 - l). 
It will ho noted that in the abovo expression 
tho value 0 is tho true temporaturo of tho 
hath which is unknown, lmt as a first approxi¬ 
mation it may be taken to bo tho reading of 
the thormomotor. To obtain a more acoiuato 
value for tho correction it is then necessary 
to mibstituto for 0 tho obsorved reading plus 
tho approximate correction obtained in tho 
first calculation. The resulting valuo will bo 
suMoioutly acourato for nil practical purposes 
owing to tho fact that tho valuo of L is some¬ 
what indefinite as discussed later. 

Tho valuo of tho constant A varies with tho 
nnttiro of the glass omployed from 0-0001C to 
0-00010 if the temperature is monsmod on 
tho oontigrndo scale, tho corresponding figures 
for I'nhronhoit tbormomotors are O'OOOOBU to 
0 - 00000 . 

Tho main diilioully in applying this correo- 
tion to tho readings of thermometers is tho 
muiortainty of the value of the moan tompora- 
turn of tho emergent column; it is obvious 
that this is greater than the tompernturo of tho 
air owing to tho conduction of boat along tho 
moreury column ilsolf; Um valuo Is gcnorally 
obtained by placing an auxiliary thormomotor 
ho that its bull) is in contact with tho 
inHti'unumt under consideration at n point 
hulf-way up tho omorgent column. Anothor 
way of obtaining the tompernturo is to make 
uho of a special thorinomotor known ns tho 
“ Radon " or Thread Thorinomotor, in which 
tho usual typo of bulb is replaced by a capillary 
tuho of length from 10 to 15 oin. s tliia is 
placed hd that tho uppor ond of its bulb 
ooincidca with tho uppor ond of tho oinorgont 
column wlioso temperature is desired. For 
a full description of tho methods in which 
tho Fndcn thermomotor can bo used, rofor- 
onco should bo mado to tho original paper of 
Mnhlko 1 or a paper by Buckingham. 3 

Chico 0 siiggosls a slightly different molliod : 
Infltcncl of talcing tho moan tomperaturo of tho 
mercury column, tho valuo of tho temporaturo 
of tho air of tho room is substituted for l 
in tho oxpression quoted abovo. Tho valuo 
of tho constant A will therefore bo different, 
and its valuo has to bo dotormined oxport- 
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mentally, the corrections being obtained by 
measuring the reduction in the reading when 
the instrument is immersed to various depths 
in a steam bath. 


Clireo points out that tho value of this 
constant varies with different thermometers 
and witli tho conditions under which the test 
is carried out; it is therefore necessary to 
arrange that tlieso conditions shall approxi¬ 
mate ns closely as possible to tho conditions 
under which the thormomotor is intended to 
bo used. 

For instruments intended for use in indus¬ 
trial operations and in certain classes of 
ohcmicnl work, tlio thermometers are pointed 
for a specified depth of immersion mid the 
corrections to tho thermometers obtained by 
comparison with standards aro tabulated for 
corresponding conditions, In such cases it 
is important that tho thermometers slmll bo 
used in a mminor corresponding to tho way in 
which tho tests wore carried out, as otherwiso 
tho corrections will not apply oven to a low 
order of ncournoy. 

It may bo mentioned that for higli-rango 
thermometers tlio correction for omorgent 
column may amount to as much as 20° to 30° 
0. at 400° C., so that it will bo soon this 
source of omir cannot bo neglected, even for 
work in which high accuracy is not essential. 

§ (10) Tiibiimoviethio Laq.—I t is a matter 
of common knowledge that all thermometers 
exhibit a time lug, that is to say, a thermometer 
when plunged into a medium at a different 
tomporaturo docs not immediately register 
tho valuo of that tomperaturo; a certain 
interval of tima must olapso before a final 
reading is obtained. Gcnorally tiffs is nob a 
mattor of great imporlanco, ns it is possible 
to wait long enough for tho steady vnluo to 
bo ronohed. There aro, liowovor, some cases 
where this does neb held, and a correction has 
to bo applied to allow for the lag of tho 
instrument omployed. Tho timo taken by a 
thormomotor to acquire tho tomperaturo of 
tho medium in wliioh it is immersed is 
dopondont on sovornl factors which includo 
tho nature and condition of the medium as 
well ns tire typo and dimensions of tho 
thormomotor. 

If T bo tho tomperaturo of tho medium, 
and 0 be tho tomporaturo indicated by. tho 
thormomotor immersed in it at any timo t, 
then by tho application of Nowton'a Law of 


Cooling 


SK <t - 0) - 


whore X is a constant with respeot to T, 0 
and l, but which dopondB upon tlio typo of tho 
thormomotor and the nature and conditions of 
tho medium. 

Two cases may be considered; the fust in 




1014 


THERMOMETRY 


which the medium is maintained at ft constant 
temperature, i.c. T = constant; and secondly 
when tho temperature of the medium is 
changing uniformly, i.c. T is a linoai' function 
of tho time l. 

Integration of tho abovo equation for tho 
first case gives: 

0-T=(0 o -T)c-^, 


which is equivalent to stating thot tho differ- 
cnco botweem tho temperature indicated by 
tho thermometer and that of tho medium de¬ 
creases logarithmically with time, and further 
that tho difference is 1/e [i.c. 1/2-718) times 
tho original difforonoo in X seconds. 

In tho second case, wliero tho temporaturo 
of tho hath changes regularly with time, 
integration of tho equation gives approxi¬ 
mately, after steady conditions Imvo been 
attained, A 

tf-T= -»X, 


wliero n ib tho mto at which tho leniporaturo 
of tho medium is ohanging, derived from tho 
expression T=Ti+ „ ( . 


In this caso it is scon that when conditions 
bocomo stoady tho tomporaturo indioatod l»y 
tho thormomotor lags behind tho temporaturo 
of tho medium by an amount equal to Xu. 
It may bo noted that X has tho dimensions of 
time. 

For tho ordinary typo of oliomioal thormo- 
motot' tho valuo of X is of tho ordor of 5 seconds 
for immorsion in a woll-stirrcd hath of wator. 
Considering tho case of a thermometer which 
initially indicates a temporaturo 10° 0. below 
that of tho hath, application of tho above 
formula shows Mu* dilforonco will bo reduced 
to (MU 0 (J. in about lifi seconds, wliilo in tho 
ease of a thermometer being immersed in a 
bath of woll-sliiTod water whoso temporaturo 
instead of boing oonstnnt is rising at tho rate 
of (M° (J. iior minute, tho thormomotor will 
lag behind tho bath by noarly 0-01° 0. when 
Hiondy conditions havo boon attained. 

In air a similar result holds, but tho values 
for X nro much largor, tlmt is to say, a thermo- 
motor pielcH up temperatures at a slower mto. 

Tho lag cooffloiont of a thormomotor is 
determined oxporimontftlly in tho following 
way. Tho thormomotor is immorsed in a 
bath maintained at a oonBtant temporaturo, 
tho liquid boing stirred or at rest according 
to tho conditions under which tho lag is 
required. It is ossontial that tho hath bo 
maintained at a constant tomporaturo through¬ 
out tho observations, and for this purposo it 
is bottor that tho observations should bo 
oavriod out at about room tomporaturo, 
particularly whoro tho conditions do not 
allow of stirring. Prior to iimnorsion in tho 
bath tho thcrmomolor is cooled to a tempera¬ 


ture somo 15° C. below tho bath. Tho times 
at whioh the morcury column crosses various 
graduations arc recorded until the tempera¬ 
ture indicated by tho thormomotor becomes 
stationary. For slow thermometers a watch 
may bo employed, but for rapid instruments 
a chronograph is ossontial. A eurvo may 
bo plotted giving tho relation botivcon tho 
readings and time ; this curve will bo found 
to bo asymptotic to tho ordinate corresponding 
to tho final temperature of tho bath. It will 
ho noted tlmt tho equation abovo deduced 
for tho condition of constant tomporaturo is, 
logarithmic, and it may bo written in the form 

X__i_ 

log7(0 o -T)/(fl“-T)’ 

tho valuo of X may bo obtained by plotting 
a second curve connecting tho time l with 
— T)/{tf - T). Any valuo for 0 on tho 
above curve may bo chosen us tho starting, 
point 0 U , provided tlmt tho time t ho reckoned 
from tho instant at whioh this value was 
attained. Tho logarithmic eurvo will bo a 
straight lino, and its slopo gives tho valuo of' 
X, tho required Iqg cooffloiont. 

§ (11) Tjchts oi' TiinnMOMimms by Com- 
bauison with Stand Aims.'—Tho staiidoidisa. 
lion of a thormomotor from first principles has 
been dealt with in a previous paragraph. 
Tho method is, howovor, somewhat long and 
tedious, and furthermore is not applicable to 
the many typoR of thonnomotors whoso rango 
docs not include tho fundamental fixed points, 
namely 0° and 100° C. For most practical 
purposes it suffices to comparo tho instru¬ 
ment under consideration witli a standard 
thormomotor tho values of whoso readings 
nro known in relation to tho International 
'Temporaturo Soalo. Methods of carrying out 
thoso comparisons Imvo been worked out in 
detail at the various national testing institu¬ 
tions, and a description of tho equipment 
and methods omployed at tho National 
Physical Laboratory of this country will 
servo to show how tho operation is performed, 

Tho ossontial feature in tho comparison of a 
thormomotor with a standard is that the two 
instruments shall bo immorsod in a medium 
tho tomporaturo of whioh may bo readily 
adjustod to any required valuo and maintained 
at tlmt valuo for a reasonable interval of 
time. Furthermore tho medium in whioh tho 
instruments are immersed must bo of uniform 
tomporaturo throughout its bulk. 

To nohiovo this ond tho fundamental prin- 
oiplo in tho construction of comparison baths 
omployed nt tho National Physical Laboratory 
is tho provision of two vortical tubes cross- 
oonnootod at thoir upper and lower ends, tho 
medium in which the comparison is boing 
carried out boing circulated round tho vessel 
so formed. Tho thermometer or thermometers 
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under examination, together with lho standard 
instruments with which they are I icing com¬ 
pared, are supported in one of the tubes, 
white in the other devices are arranged for fclio 
heating and circulation of tho liquid in which 
the thermometers are immersed. For com¬ 
parisons bolwcon 0° ami 100° 0. water is 
used. Circulation of the water is effected 
by a prnpollor, supported in tho left-hand tube 
at its upper end. below the propeller electric 
heater units are provided. Tho heaters are 
protected from contact with tho wator by 
being enclosed in pockets constructed of very 
thin copper sheet. These are of snob a sizo 
that tho hcators lit very closely; tho object 
being to ensure a very rapid transference of 
heat from tho hen tor itself to tho wator of 
tho bath, for to a largo oxtont tho accuracy 
and speed with which a comparison can bo 
carried out is dependent on this point. Rapid 
transference of heat from the heating units 
ensures that tho tompomluro of tho bath 
will follow without serious lag tho changes 
made in Urn heating current. It thus becomes 
an easy mattor to adjust tho tomporaturo to 
any desired value and to maintain it thoro 
for any required time. This is a mattor of 
somo considerable diilioulty if thoro is appre¬ 
ciable lag between tho alteration of tho boat¬ 
ing current and the resultant change in tho 
tomporaturo of tho water. Tho tomporaturo 
of tho baths is controlled directly by tho 
operator, since tho employment of any 
thormostatui dovico of suflioiont sonsitivity 
would slow down tho operation to an un- 
neeossary oxtont, and furthermore a simplo 
dovieo would lack tho flexibility requirod to 
steady tho tomporaturo to any dcsirod point 
over tho range over which suoli a bath is 
normally used. Another consideration influ¬ 
encing this method of working is that in 
making comparisons it is desirable for tho 
tomporaturo of the hath to rise vory slowly 
during the observations, rather than for tho 
tomporaturo to bo maintained at a strictly 
constant valuo. In carrying out tho compari¬ 
sons at least two standards should always bo 
used; ngrconiont bolwcon tho readings of 
theso after tho application of the necessary 
corrections will largely tend to chock tho 
introduction of accidental errors in reading. 
At tho Laboratory it gonorally happons that 
moro than one thermometer is undor examina¬ 
tion at (mo time, and tlio usual procedure is to 
plaoo ono of tho standards at tho beginning 
of tho sot of Instruments and tho other at tho 
oud s if more than two standards aro employed 
tho others are distributed uniformly among 
tho thormomotors hoing tested. Readings of 
tho instruments in turn are taken at a uniform 
rnto from tho first standard to tho last, thon, 
without interruption, tho readings are con¬ 
tinued in tho reverse order, tho last standard 


being read ngnin, followed by tho instruments 
under test and finally tho first standard. 
In making high precision comparisons tho 
double set of readings will bo repeated. Tho 
mean values of the readings aro then calculated, 
the necessary corrections to tlio standards 
applied, and tho mean valuo of the standard 
readings is obtained. As previously pointed 
out, tho corrected meaim for tho standards 
should bo in good accord, and if this is not 
tlio enso tho Bot should bo discarded, after tlio 
reason for tho discrepancy lias been investi¬ 
gated, and a now set of observations made. 

In order to avoid difficulty owing to capil¬ 
larity effects in tho fines boro of the majority 
of morouvy thermnnictors, nil comparisons aro 
carried out with tho temperature of tlio bath 
very slowly rising; consequently if a set of 
thermometers bo road only once, tho corrected 
indication of tho last would bo slightly in 
oxccss of that of the first, while tlio others 
will give intermediate values according to tho 
time at which they wore read; tlio object 
of making a rovorso 8ot of readings is now 
apparent, for, if the bath is rising in tempera- 
turo at a uniform rate, and if tho instruments 
aro read at regular intervals, tho meanR of tho 
two sets of readings takon forward and then 
backward will give Btriolly comparable values. 
In practice tlio rate of rise of temperature is 
of courso arranged to bo very small, of tho 
order of a fow hundredths of a degreo in tho 
time necessary for making tho observations, 
bo that any small irregularities in tho rate 
in which tho thormomolors aro read will bo 
of no importance. 

Tho reading of thormomotors of precision 
is invariably carried out by tho aid of a 
rending-’tolcscopo, which is mounted on a 
substantial support at a suitablo distance in 
front of tlio thormomotors to bo observed. 
Tho axis of the telescope must bo kept at 
right angles to that of tho thonno motor ; tho 
Iftttor 1 b usually vortical so that tho axis of 
tho tolcscopo is lnado horizontal. "With this 
arrangomonfc tlio introduction of errors duo to 
parallax is praolianlly eliminated. Tho tolo- 
scopo need not bo of high powor for uso with 
ordinary instruments; a magnification of 2 
to 3 will bo found sufficient in most instances, 
but for tlio highest olass of work with vory 
finely divided instruments it may be inorensed 
to 8 or 10. Tlio uso of a micromotor oyopieco 
is not gonorally dcsirablo except for reading 
fixed points ; with ordinary skill it is possible 
to estimate to ono-twentieth of a division, 
while sonic operators aro able to cstimato to 
one-fiftieth Tlio majority of thermometers 
will not, howovor, bear subdivision to this 
order on account of tho width and irregularity 
of tho division lines. In reading a thermo- 
motor ifc is desirable to place it in suoli ^ a 
position that tho mercury column just fails 
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to out the onds of tlio division lines, as in this 
way tlio position of tlio ond of the column is 
not obscured by the division itself. 

The illumination of the thermometer is 
another point to which some attention should 
lio paid. Thermomotors ,of tho highest class 
are not provided with enamel backs and must 
therefore lie illuminated from behind. Glare 
from tlio source of illumination is prevented 
by tlio interposition of a shoot of ground-glass. 
Thermometers provided with enamelled backs 
aro best illuminated by a lamp placed in front 
of tlio instruments in a direction of about 45° 
to tho lino of sight. In this oaso also it is 
desirable that tlio light should bo diffused, 
and a convenient souroo of illumination is 
provided by motullio-filamont oleotrio lamps 
with frosted bulbs, Tho lamps should ho at a 
sufficient distance to provent heating of tlio 



thermometer; and for this reason motallie- 
iilnmont lamps aro preferable to thoso with 
carbon filaments. A 20-30 watt lamp at a 
distanco of 12-15" provides ample illumination. 

(i.) Construction of Thermometer Comparison. 
Hatha, r-Tho dotails of construction of tlio 
tliormomotor comparison baths for water aro 
shown in Fig. 1(1. A and B aro tlio two 
vortical brass tubes joined at tlio uppor and 
lowor oiuls by moans of tlio gun-motul eastings 
0 and 1) respoolivoly. Tulio A oontains tlio 
lioatorand stirror, mid is of uniform sizo, namely, 
5 in. diamotor, in tho various batiis employed. 
Tho diamotor of tubo B ranges from 0-12 in. 
according to tlio nature of the instruments 
uiulor tost and tlio number of suoli instruments 
boing dealt with at any ono litno. Tho length 
of thoso tubes is also dejiondont on thoso 
r " itors. Tlio baths at tlio Laboratory range 
'in 18 in. to about 4 ft. in longth. Tlio juno- 
w«n botwoon the tubes and oastinga is mado 
by flangos soldered to tho tubes; tho flanges 
aro bolted to tlio castings with a paoking* 


ring of brown paper covered with a lh| llL 
layor of red lead and gold size, which produces 
an efficient joint to withstand tlio change 
of tomporaturo. In some baths, particularly 
tliose used for testing clinical thermometer^ 
in which tho tomporaturo range is small Gr ’ 
tho tubes are soldorcd direct to tho castings, ’ 
In some of tlio baths tiio tubo B is provided 
witli a rectangular window, through whtoJi 
tho readings of tho tliormomotors may 
taken with tlio instruments fully immersecL 
Suoli batiis aro employed for tlio test of the 
less accurate types of thermometers, the 
readings of which aro generally obtained with 
tho naked oyo or by means of a rcftding-gln sai 
Tlio window of plate glass is generally carried 
in a recessed rootangular brass frame bolted o r 
soldered to tubo B, and tho joint botwoon gloss 
and brass framo is made with rod load and gold 
sizo. Suoli a window will remain water-tight 
for sovoral years, notwithstanding tho con- 
sidomblo fluctuations of tomporaturo to which 
it iB subjected. Tho castings O and B are each 
provided witli four lugs, by means of which a 
wooden top and baso may ho bolted to the 
metal part of tho bath. Those wooden frames 
servo to support tlio baths and also afford 
fixing for tho outer woodon oasing in which 
the batiis aro onolosod. Tlio spaco between, 
tho bath itself and tlio easing is filled with 
granulated cork, which serves as an offioionfc 
thermal insulator for this class of work. A 
thiokncs8 of 2 in. of cork suffices for most 
purposes. A convenient easing is provided 
by strips of wood, suoli as aro omployod for 
covering steam oylintlors. '[’lie cork lagging 
should not of courso bo allowed to become 
wot, as in this condition its insulating properties 
aro impaired. 

For convenience in repair, tho heater 
pockets are carried by a plato bolted to tlio 
casting 1) at tlio lowor end of tlio tubo A. 
In tlio shiallor butliB three or four pookots are 
provided. Those aro soldered into slots in tho 
brass plate E. Tlio puokots aro formed by 
bending No. 30 gaugo aoppor shoot ovor ft 
template vory slightly larger than the heaters 
thomsolvos ; tlio edges of tho ooppor sheet aro 
lapped and soldorod. In tlio ovout of a heater 
section failing, it somotimes happens that ono 
or more of tlio pookots are destroyed. This 
motliod of fixing nmkos replacement of fv 
pookot a relatively simplo mattor. 

Tho stirrer consists of a tliroo-bladcd pro- 
poilor, of diameter about 4J- in., carried on tlio 
end of a shaft passing through tlio support 
F bolted to tlio uppor ousting G; boarings aro 
provided at G and II j rotation of tho propeller 
is obtained by moanB of a cord passing over 
tho pulloy J and driven by a motor. A free 
pulley It on tho ond of tlio shaft serves to 
carry the cord when tlio bath is out of use.. 
At tlio Laboratory it is tlio practice to drive 
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Hovornl baths from imo motor liy an ondlcsa 
cord passing round tlio driving pulleys of 
each. Tlio tension of tlio cord is adjusted by 
a weight carried on n freo pulley. Tho batlis 
fti'o supported on a framework of 2- or 2£-in. 
piping, the weight of the bath being taken by 
tie-rods fixed to tlio under side of tho lower 
wooden frame and provided with a right- 
aiul left-handed screw conncotor for purposes 
of adjustment. Tho framework referred to 
Horvcs also to support the water-supply pipes 
and tho necessary switch-gear for regulating 
tho heating ouiTont, Cold water is supplied 
to tlio hath through tlio funnel at L, while a 
waste pipo at M, provided with a stopcock, 
allows tho bath to ho emptied when desired. 
An ovorfhnv fitted at N serves to maintain tho 
water at a constant love!. In soino of tho 
baths this overflow is adjustable. 

In baths in which the instruments aro fully 
immersed and are road through tlio window 
the exact lovel of tho wafer ip immaterial, 
but in thoso whore tho tliormomotors aro 
allowed to project above tlio top it is nocessary 
that tho hath should lie kept quite full, so that 
tho water laps the imdor surfaco of tho plato 
from which tho thermometers nro carried. 

Tho method of support of tho tliormomotors 
doponds on tlio typo of instrument under 
examination. Instruments read through tlio 
window aro carried in spring-clips (of phosphor 
bronze) on a oago, details of which are shown 
in Jt'ig. 17. Tho engo consists of an upper plato 
to which tlirco vortical rods are attached; 
sliding platforms holding tho spring-clips move 
on these rods, Tho position of thoso platforms 
is adjustable according to tlio length of tho 
thermometers uiulor tost. A spider, provided 
with curved guides, is omployed to direct tho 
ongo whon it is lowered into tho bath and 
to protect tho instruments from contact with 
tho sides of tlio bath during this process. 
Simple hydraulio lifts carried on tho supporting 
framework aro employed at tho Laboratory 
to raiso and lower tho ongos, Bine© a oago 
carrying seventy ■ two thermometers is of 
considerable weight. Baths with which this 
typo of oago is used aro fitted with a boll- 
mco (with phosphor-bronzo balls) at S, whilo 
gearing, operated by a suitably placed handle, 
serves to rotate tho ongo to bring oaoh 
thormomotor in turn opposite tho window for 
purposes of observation, 

A different systom is omployed for precision 
tliormomotors, In rending those instruments 
distortion is avoided by malting tlio observa¬ 
tions with tho instruments omorging from tho 
bath, instead of viewing thorn through a 
window. In most instances tho thermo¬ 
meters are comparod with tho whole of tho 
mercury at tho tomporaturo of tho bulb, and 
tho instruments arc consequently supported 
in tho bath so that tho moroury column is 


only just visible above tlio top of the bath. 
For each rending it is thus necessary to re¬ 
adjust the thermometers according to tho 
height of tho mercury column, and a simple 
means of doing this is necessary. This is 
effected in the following way. A rubber ring 
is slipped over tlio stem of the thermometer, 
of such a size that it grips the stem securely, 
but yet not so tightly that tho thermometer 
cannot bo pushed through the ring to any 
desired position. Suitable rings can bo made 
by cutting rubber pressure tubing of various 
sizes into sections about 4 to (> nun. in length. 
A brass plato fitting the opening of tho bath 
is drilled with a numbor of holes and serves 



Fra. 17.—Tlierinomctor Comparison Bath, allowing 
“Jiprlng Clip " Typo of Cage. 


to support tlio therm ome tor by the aid of 
tho rubber ring, To permit of thormomotera 
of various diameters boing satisfactorily sup¬ 
ported by a given plate, a series of graded 
sleeves is omployed. Tho plates nro drilled 
with lioloa of 10-min. dia motor ; tlio sleovcs 
havo an external dlninotor of slightly under 
10 mm., whilo tlio internal diamoter varies 
from 4 mm. to 9 mm. Tho size of sloove 
chosen for any thormomotor is such that tho 
instrument will just pass through it freely. 
In addition to tlio plato carried on tho top 
of tho bntii, two other plates, drilled to corre¬ 
spond, aro oarried above and below tho main 
plato by vortical rods; tho plates aro damped 
to tho rods to permit of ready adjustment 
to any desired position. Tlio perforations in 
tlioso plates rcgistoi* with tho holes in tho 
main plato, and their object is to hold tho 
tliormomotors steady in a vertical position. 
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Tho rapid circulation of tho water would 
otherwise eauso tho instruments to swing if 
supported by one point, thereby rendering 
accurate observation impracticable. Fig. 18 
will make tiro arrangement clear. A second 
rubber ring at the upper end of each thermo- 
motor avoids ri9k of accident should tho 
instrument slip through tho first ring. For 
specially largo thormomotors auxiliary cages 
are provided with 
larger holes. Tho 
holes in tho plates 
are arranged either 
in a oirolo or in 
two parallel rows 
across the centre of 
tho plate. In tho 
formor instance tho 
tolcscopo used for 
rending tho thor¬ 
momotors is main¬ 
tained in ft fixed 
position, and tho 
plate carrying the 
thormomotors is 
rotated by gearing 
ftotimtcd by moans 
of an onclloss oord from tho observing position. 
In tho second case tho plato remains in a 
definite position, and observations of the 
different instruments in turn aro mado by 
moving tho tolosoopo. 

As previously mentioned, tho circulation of 
tho water is bft'cotod by moans of a propeller 
carried in tube A (sco Fig. 10). Tho direction 
of rotation is such that tho water is lifted in 
tiro tube 5 it then passes through a lop oross- 
connection and down tho main tube, baok 
through tho lowor casting, and thon up past 
tho. boaters. Tho spood of tho propeller' is 
roughly 300 to 350 revolutions por ininuto, 
which suffices to produoo a vigorous circula¬ 
tion of tho water. This is an essential foatura 
of this typo of comparison bath in ordor that 
tho water through tho main tubo may bo 
maintained at uniform temperature, Tests 
carried out on tlicso baths show that tiro 
difforonoo in tomporature botwcon tho water 
at tho upper and lowor ends of tho tubo on no 
occasion exceeded 0 01° 0. In praotico, for 
tho highest precision work tho bulbs of tho 
thermometers under comparison are kept ns 
olpso as possiblo, thereby reducing any un¬ 
certainty in tho uniformity of tomporature to 
loss than 0-002° C. Tho direction of oiroula- 
tion of the water is important, for if this is 
Innn ....! f....... 11., 1- -,l)tftiH0d. 

niform aizo 
baths three 

or four doubio heaters aro used, while in ono 
larger bath of approximately 80 litres oapaoity 
six dou bio lioators aro employed. Tho hoators 
are in two parte, oacli of whioh dissipates 400 


watts whoa used on tho standard voltngo of 
100, Thus tho energy can bo sup])liod to the 
smaller baths at tho rate of about ‘I kilowatts, 
and to tho larger ono at nearly 5 kilowatts. 
Tho lien tors aro constructed of “nichromo” 
strip wound on a mica frame and protected 
on on ch side by inioa shoots. Fig. 10 shows 
tho construction of tho hoators. Tho size of 
tho strip used is approximately 1-5 mm. by 
0-2 mm. in section, and when in position in 
tho bath theso units carry a currant of 4 
amperes without overheating. Tho actual 
tomporature of tho wire is about 400° C., and 
tho energy, of course, can only bo dissipated 
when tho pockets in whioh tho heaters arc 
inserted aro in contact with water, Switch¬ 
ing on tho current in an empty bath im¬ 
mediately results in tho destruction of tho 
heater niul of tho pocket. Tho dissipation of 
energy is materially assisted by making tho 
pookots of copper so thin that tho pressure 
of tho water in tho bath collapses tho pocket 
on to tho hoators, and tho life of tho heaters 
is prolonged by attention to this detail. In 
ordinary uso a oarofully made boater will 
lust many months, In some oases hoators 
have been in continual uso for over twelve 
months. Lack of attention to tho points 
above mentioned, or carolossnoss in construc¬ 
tion, greatly reduces tho lifo of a boater, since 
these aro being run so close to tho safo limit, 
Breaking down of tho boater, in general, 
results from tho Blow oxidation of the wind¬ 
ing, causing hot patches to dovolop. Another 
oauso of failure is duo to tho condensation of 
moisture on tho hoators, with consequent 
short-oirouiting of sotno of tho windings if 
tho pookots aro not perfootly water-tight, 
or from tho air if tho heater docs not fit 
tho pookot tightly. This is more especially 
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noticeable if a bath is repeatedly cooled to 
bolow tho room tomporature by tho addition 
of ioo, Dotails of tho sizo of tho hoators 
omployod are shown in tho accompanying 
figure, and oaoh half of tho heater should 
have a resistance not loss than 25 ohms for 
uso on a 100-volt oirouit. 

Two methods of oontrol of tho currant 
through thoso hoators aro omployod according 
to tho class of work for whioh tho baths arc 
usodi For ordinary oasos it suffices to bo • 
able to switch on a full load in ordor to raise 
tho tomporature of tho bath rapidly from 
ono point to the noxt. On approaching tho 
desired^ point tho rate of heating is reduced 
by outting out. six of tho eight lioators. On 
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reaching the temperature another heater is 
out out of circuit, leaving only one. This last 
heater 1ms a resistance in series with it so 
that the current may ho adjusted to such an 
amount that the heat lost by radiation, etc., 
is just counterbalanced by that supplied 

dec trie ally. Tho valuo of this current varies 
of course with tho tempornturo at which tho 
bath is being maintained, and with tho sur¬ 
rounding temperature, and a small ammeter 
is provided to assist tho operator in adjusting 

Naina ^ l0 oul ' ron *' tho 

+ r requisite amount. 

Tho value of tho 
ourrent varies with 
tho oapacity of 
oaoh bath, but it 
will soon boooino 
posaiblo to esti- 
niftto tho ourront 
required to hold 
tho tomporaturo 
stoady at any 
point. Fig. 20 allows tho oleotrical oonneo- 
tions for this caso. 

Each bath has a slightly dilToront “ lag ” ; 
that is to say, tho rise of tomporaturo which 
takes placo when tho samrncl boater is cub 
out of circuit is difforonfc for oaoh bath. It 
amounts to (M)2° to 0()4° ()., and consequently 
tho second heater Inis to bo switched oil at a 
tomporaturo lowor by tills amount than that 
at which it is desired to adjust tho bath. 

For tho Costing of precision thormomotors a 
ratlior iinor adjustment of boating ourront is 
nocossnvy, and a method is omployod by 
moans of wliioli tho lioator units may bo 
connootod to tho supply oirouit in sorios or in 
parallol or in a combination of tiiosotwo ways, 
In this caso also tho oxtornal regulating re- 
Bistanoo is omployod in oonjunction with ono 
+J /„m of tho boaters. 
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Uso is mado 
of a par¬ 
ticular typo 
—” n,rt of tumblor- 
switoli liaving 
throo positions. Tho contral position is '‘off," 
whilo in the otlior two positions connection 
may bo mado to tho positive or nogativo side 
of tho supply mains as dosirod, Fig, 21 shows 
tho oonnootions required. Ono or two typical 
oxamplos will bo givon to show how tho 
boaters may bo onmieoted, 

(a) If tho switolics aro connected altornatoly 
to tho positive and nogativo maina, all tho 
hoatovs will bo in parallel on tho 100-volt 
oirouit. 

(b) If tho two ond awitohes aro connected 
to tho positive and nogativo mains respectively, 
tho intormodiato awitolios hoing loft in the 
" off ” position, all tlio lioators will bo con- 
nooted in sorios across tho mains. 


(c) If switch No. 1 bo connected to one 
polo, and Bwitch No. 4 to the other, tho remain¬ 
ing switches being “ off,” throo heaters only 
will bo connected in series across tho mains. 

(tf) As an example of the combination of 
the two, if switches No. 1 and No. 7 are 
connected to ono pole, while switch No. 4 is 
connected to tho other polo, the remainder 
again being “ off,” there will bo two sots of 
three hentora in series connected in parallol 
across tho mains. 

Nutnorous other combinations at once 
suggest themselves, and serve in conjunction 
with tho regulating resistance to obtain n 
fine adjustment of ourront to enablo the batik 
to be kept steady at any poiat in tho range 
front air tomporaturo to 100° C. 

With regard to tho regulating resistances 
employed, these aro of about 100 ohms resist¬ 
ance and are wound in stops with wiro of 
graded sizes; tho smallest wire is largo 
onough to carry a maximum load of 1 ampere, 
since this is tho maximum current obtainable 
when most of the resistance is included in tho 
circuit. When, liowovcr, tho resistance is 
mainly out out, ft ourrent of nearly 4 amporea 
is being passed, and tho coarser wiro at thin 
ond of tho rheostat must, therefore, bo capable 
of carrying 4 amperes. 

With regard to temperatures below tho 
temporaturo of tho room tho bath is cooled 
by tho addition of ico, and for most practical 
purposes tho rato of riso of tomporaturo is so 
slow that no speoiul means are required to 
cool'tho bath continuously, though this ooulil 
bo done by menus of a cold brine circulation. 

Othov tests bolow air tomporaturo aro carried 
out in vacuum vessels such as will ho dealt 
with lator. 

(il.) Comparison of Thermometers above 
100° O .—For comparison of thonnometors 
above 100° C. water can no longer ho used, 
and recourse has to bo had to other liquids. 
For tho rango 100° to about 200° C, ootton- 
Bcod oil affords a suitable medium ; this oil 
whon now iB ratlior viscous at air tempera¬ 
tures, but becomos fluid at tomperaturcs above 
100° 0. Continued uso of tho oil causes it 
to thioken very considerably, but tho increase 
of viscosity nbovo 100° 0. is not Buflloiontly 
marked to intorforo with tho offioiont circula¬ 
tion of tho liquid until it lias been in uso for 
a long poriocl. Mineral oils of high flash-point 
may also bo used up to 300° C. Cotton-seed 
oil oannot bo employed ns high ns this, ns 
continual heating abovo 200° C. causes do- 
composition and charring of tho oil. 

Tho typo of bath used is similar to thoso 
used for water in that two vortical tubes are 
joined top and bottom by cross•coiiiicotione. 
Copper tnbo3 aro employed, and tiie connecting 
tubes aro brazed. At tho Laboratory gan¬ 
imating iB omployod, although oil baths could 
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be; Iicutcd electrically if desired. Stirling, ns 
before, is obtained by circulating fclio oil by 
menus of a propeller carried in tho smaller 
tube Tlio bath itself is enclosed in a shoot- 
iron double box lagged on tho outside with 
magnesia lagging. Roth tho vortical tubes 
aro contained in the iron box through which 
tho hot gases from tho humors oironlato, ns 
otherwise a tomporaturo gradient will oxist 
in tho tubo in whioh tho thormomotors aro 
supported. This tubo is preferably lightly 
insulated with a layer of asbestos cord to 
prevent local variations of tomporaturo. Tho 
speed with which observations oan ho carried 
out with gas-hoaled baths is lower than with 
thoso heated electrically, and tho aconraoy 
of adjustment of tho tomporaturo to any 
desired valuo is not so groat owing to tho 
larger amount of lagging on these baths. 
With a bath of this tyt>o it is of course im¬ 
possible to provide a window through whioh 
tho instruments are viowod, so that all ob¬ 
servations aro taken with tho thormomotors 
so placed that tho mercury column is just 
visible over tho cover of tho hath. This 
condition of full immersion is only attained 
if the oil Jovol in tho bath is maintained so 
that tho oil touches tlio under surface of tho 
plato supporting tlio thormomotors; expan¬ 
sion of tlio oil is allowod for by tlio intro¬ 
duction of an overflow pipe just boiow this 
level; tho ovorflmv pipe is carried to tho 
bottom of tho bath through tho heating 
chambor; surplus oil is discharged into a 
suitably placed rocoptaclo. If tho overflow 
pipo is carried outsido tho bath, difliculties 
ariso owing to tlio cooling of tho oil and partial 
stoppngo of tho flow. A stopcock at tho 
bottom of tho bath serves to empty it periodic¬ 
ally for cleansing, etc. Comparisons of thor- 
momotors should always bo oarriod out at 
successively liighor temperatures, so that it 
suffices to fill the bath ut tho boginning of a 
sot of comparisons. Tho overflow dovico then 
ensures that the oil level remains at tho 
desired position. 

The thormomotors aro immersed dirootly 
in tho oil and supported in tho mnnnor pre¬ 
viously described for precision instruments. 

For temperatures of tlio rango 200° to -100° C. 
a salt bath is employed, the most satisfactory 
medium being a mixture of equal pails of 
sodium and potassium nitrates. At a tempera¬ 
ture of 200° 0. tho salts provido a sufficiently 
fluid medium for offioiont circulation. Tlio 
bath holding tills mixture is again of tho typo 
above described, but is oast in ono pieco in 
iron in ardor to withstand tlio liighor tempera¬ 
tures to which it is submitted. Heating is 
oarriod out by gas as in tho caso of tho oil 
hath, and tlio hath itself is contained in a 
similar shoot-iron box by moans of which it 
is kept surrounded by hot gas. It is very 


important that the heating of tlio salts should 
bo started at tho top of tho hath, since tho 
mixture expands on heating. If boating, and 
consequently fusion, is begun at tlio bottom 
of tlio bath,fracture of tlio vessel is inevitable; 
but by heating at tho top in tho first instance 
fusion commences at tlio exposed surface and 
oxtends downwards. Stirring limy ho started 
in tho neighbourhood of 180° O. As in the 
caso of tho oil bath, an overflow is provided 
to allow for the expansion of the liquid, 
together with a tubo by moans of whioh the 
hath may ho filled at tho beginning of a set 
of comparisons. Details are shown in tho 
accompanying diagram, Fig, 22. 

Tlio thormomotors themselves aro not im¬ 
mersed direct in tlio fused sails owing to tho 
slow atUvok of tlio glass which would result 
if tlio instruments wore in contact with tin's 
medium. II is therefore necessary to provide 
tubes dipping into tho liquid and in which 
tho thormomotors may lie placed. Tlio tubes 
are thin solid - drawn stool, in tho lower 
onds of whioh plugs aro 
woldod. Tho tubes are 
carried by tlio top plato 
of tho bath, and aro of 
different sixes to nooom- 
modato instruments of 
varied diamotors. Tlio 


thormomotors are 
morsod in tlio small¬ 
est tubo into whioh 
thoy will tton- 
voniontly ontor, and 
a small diso of 
asbestos card slipped 
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on to tlio stem of tho tliormomotor prevents 
unduo circulation of air into the tube with 
consequent local cooling. Tubes not in uso 
aro dosed with a ping of usbostos wool for 
tho same purpose. 

In addition to tho abovo baths for tho 
comparison of thormomotera over tlio rango 
above 100° 0. it is frequently convenient to 
do tormine tho oorrootion at a* limited number 
of points without carrying out tlio ahnvo 
routine. Recourse is then hail to a very 
simple typo of vapour bath, in which any of 
tlio following substances arc used : anilino, 
uaphthftlono, bonzophonnno, or sulphur; each 
substance requires a separate piece of appa¬ 
ratus,. tlio construction of whioh is shown 
in Fig. 23. Tlio bath itself consists of a 
longtli of iron tubing, H in. to 2 in. in diumolcr, 
closed at tho lower ornl by a cap whioh may 
bo woldod on or merely sorowod, using asbestos 
fibre paoking. At tho upper end tin's tubo 
is provided with a T-pioeo and right-angled 
bond ns shown j tlio bond carries a second 
length of iron tubo about 1 in. in diumolor 
or a tubo of hard glass to serve as a condenser, 
while tlio thormomotors undor observation 
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are supported in the vapour tlirough llio 
straight part of tiic T-pioeo by suitable means. 
Tho thormumotor itself may be immersed 
dirootly in the vapour, or may bo protected 
from it by provision of a thin steel tube as 
in fcho ease of a nitrate bath. The main tube 
is lugged throughout its length with steam- 
pipe lagging, with the oxeoption of about 
6 in. ut its lower end. The whole is supported 
on a convenient stand abovo a gas burner. 
The oondensor tube is not provided with any 
lagging, ns it is cooled by oxpnsuro to the nir, 
bboroby serving to prevent loss of vapour, 
which condenses in the tube and runs back 
into the main part of the apparatus. Thcso 
vapour baths aro ordinarily about 3 ft. in 
Length, but owing to thoir simple construction 
may easily bo built of any size to take instru¬ 
ments of abnormal longth. One sob of tubes 
ut the Laboratory is over 0 ft. in length, and 
is used for the examination of the vory long 
moroury thermometers somotimes employed in 
industrial operations. In using 
these baths, sufficient of the 
material is introduced into 
tho tnbo to fill it with vapour 
when healed; a glass con¬ 
denser tubo 18 convenient, os 
the height to which tho vapour 
rises may ho roodily scon, and 
in uoiiHuquunco it is known 
whether tho main tube is com¬ 
pletely filled or not. Further¬ 
more, oaro must bo taken that 
Biiflloionb material is avail¬ 
able, bIuco if all tho substance 
bo voporisod, superheating will 
ensue. This, lmwovor, will not happon so 
long ns tlioro is sumo unvaporlsod material 
present. 

Tho thennomotor umlor observation „must 
bo supported in tho tubo, so that its bulb does 
not roach the uuvaporised material. 

Tho tomperaturo to which the thormoinotor 
is exposed is given by tho boiling-point of tho 
substance used, but in tilts typo of apparatus 
it iH preferable to roly on tho readings of a 
standard thormoinotor interchanged with tho 
tost thormoinotor, sinco with this simple typo 
of apparatus it is not always possible to 
onsuro that impurities may not bo introduced. 
Accurate observations of tho boiling-point of 
siieli a substance roquiro moro olaborato appa¬ 
ratus. 1 

Tublo VIII. gives tho accoptcd boiling-points 
of tho abovo substances, with tho variation in 
boiling-point with prossuro. 

For very small thormomotors suoli as aro 
somotimes omployed in chomioal observations 
another typo of vapour bath is of service. 
This consists of a glass tubo surrounded by 

1 Ilcfov to Hulphnr Baths la nrtlclo on “ llcslstnneo 
Thormomotors," § 10, 


Table VIII 


la tali' 9 


J Subtlanct lo 
6a uaimrUtd 


Ida. 28. 



Suliatauce. 

Ilo!liiig-|K>liit nti ThormcKlymmtc flivilc. 

[p- in. mm. of Mcicmy.) 1 


Aniline. . . 

181P9+0'051( j) - 7 CO) 


Naphthalene. 

217-0+00580)- 700) 


llonzoplxsnonn 

S05-9+0-0tJ8(p-7L)0) 


HiilpJmr . . 

-H4-5 +IM)90SO>- 7l)0)-0-000017(p - TOO)- 


an outer tube through which vapour may bo 
circulated. The vapour is produced by heat¬ 
ing a liquid such ns aniline by moans of a 
small electric heater at the base of tho jnolcct. 
The upper end of tho vapour jacket is con¬ 
nected through a condenser to an nir reservoir, 
the. pressure of which may be varied above 
or below that of the atmosphere. In this 
way tho corresponding temperature of tho 
vapour may bo varied over a fairly wldo 
range. A manometer attached to the air 
resorvoir enables tlio pressure to bo read, mid 
gives an approximate indication of the tem¬ 
perature of tho vapour. The tomperaturo to 
which tho thormoinotor is exposed is given 
by tho reading of a standard thormomotor 
sido by sido with the thermometer under test. 
Tho thormomotors aro supported in tho inner 
tube by means of a rod pussing up this tubo, 
and tho bulbs of tho thormomotors aro pre¬ 
ferably inserted in a block of copper tho high 
conductivity of which ensures that bath in¬ 
struments will bo at tlio same tomperaturo. 
Condensation of tho vapour in tlio jacket is 
reduced by surrounding the jacket with thick 
rings of felt; these may bo moved up and 
down tho outor tubo to allow tho readings 
of tho onolosod thorinomolcra to bo seen. 

(iii.) Loiu-raiiflc Thermometers. —Thermo, 
motors may bo compared below 0° 0. by im¬ 
mersion in a mixture of ieo, salt, and water, 
which may bo contained In a lagged vessel 
to prevent too rapid a rise in tomperaturo of 
tho inixturo, and this must bo stirred continu¬ 
ously during tho obsorvntions, 3'\>r observa¬ 
tions of high preoision it is dcsirablo to use a 
bath tho temperature of which may bo moro 
ftoouratoly controlled ; this may bo obtained 
by tho use of ncotono or other contained in a 
vacuum vosaol (not silvered) and cooled by 
tho introduction of cnrbonic acid enow; by 
this means Lomporatiiros as low ns -80° C. 
are obtainable. Tho liquid muRt bo freo from 
inoiHturo, ns otherwise at these low tempera¬ 
tures tho moisture would separate out as ieo 
crystals and render it difficult or impossible 
to tnko readings of tho thorinomotors immersed 
in tho hath. Tho liquid must ho stirred con¬ 
tinuously during tho observations ; tins may 
bo done by bubbling air through tho liquid, 
but a moro satisfactory method is to oirou- 
lato tho liquid by a propeller enclosed in 
a thin brass tubo. This tubo hns openings 
at tho bottom and nonr tho upper. level of 
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mercury in 1) floats a plunger, carrying a 
vertical tlireiuleil nut. This rod passes through 
a flat spring, and carries a nut which depresses 
tiio spring when the mercury sinks in the 
tube. This closes the circuit through tho 
relay, and, oil the mercury rising again and 
lifting the float, the spring reopens the cir¬ 
cuit. This apparatus lias tho great advan¬ 
tage that no current is broken on tho surface 
of tho mercury, which, therefore, keeps clean 
for an indefinite time. Fouling of tho morcury 
by the spark is a serious problem in electrically 
controlled apparatus, though tho use of a 
condenser, in parallel with tho contacts, 
reduces tho spark very considerably. 

There are many other types of regulator. 
Tho reader interested will lintl other examples 
described in Thorpe’s Dictionary of Applied 
Chemistry, 1910 edition, v. ‘1(52, and various 
articles in tho Transactions of Ike I'uradny 
Society, tho Journal of Physical Chemistry, 
and other periodicals. 

When tho hath is electrically healed, this is 
frequently dono by means of lamps immersed 
in tho liquid, a convenient form of boater being 
a lamp with a very long atom which is brought 
above tho lovel of Iho liquid, Unis enabling 
tho connections to bo kept dry. 1 Bnro wire 
has also boon used in tho hath, while in Homo 
oases tho wire is wound round tho containing 
vohhoI. 

It is of tho utmost importance that tho 
bath should ho kept well stirred ; tho most 
siiitablo arrangement is ono which produces a 
circulation from tho heater towards tho bulb 
of tho regulator.* 

Various liquids have been used in place of 
toluonoj amongst others may ho mentioned 
bonzono, alcohol, and paraffin. 

With a tnluono thermostat it is a imtltor 
of ease to keep the tomporaturo of tho bath 
constant to 0-01° (J„ while it lias been claimed 
tlmt certain forms can ho arranged to keop 
a tomporaturo steady to less than 6'001° C. for 
several days. 

§ (2) Mbdiijm Tumi'kiiatubh Tmhrmohtatb. 
—Tho toluene typo of thormostat oan bo 
adapted for medium temperatures (say up to 
flfiO 0 (j.) by using, in tho regulator, a liquid 
having a miflioionlly high boiling-point. Mer¬ 
cury at onoo suggests itself for this purpose, hut 
it has several disadvantages. Its highspcailio 
gravity makes it ncoessary to use strong- 
walled containing vessols, and this causes tho 
tomporaturo of tho morcury to lag behind tho 
tomporaturo of tho bath. In addition tho 
dilatation of morcury is much less than that of 
toluono, tho figures oxpressing tho inorcoso in 
volume of ono litre for ono dogreo rise of 
tomporaturo being O'18 o.o. for mevoury and 
M o.o. for toluono. In spito of these draw- 

1 Faraday Son. Trans., toil, vll. 240. 

1 Ibid. 203, 


hacks, morcury thermostats have been of con¬ 
siderable use, a very simple form, to ho eni- 
ployori with electric hunting, consisting of ft 
mercury thermometer with a pair of iviros 
sealed into it at suitable points. Such a 
regulator can, of course, only bo used at a 
single temperature, and is nob very sensitive. 

More satisfactory results arc obtained by tho 
uso of tho dilatation of solids. It is possiblo 
to construct a very sensitive differential ex¬ 
pansion regulator, by riveting together a 
strip of invar and a strip of another metal, 
such us brass, which has a high tempera¬ 
ture coefficient of expansion, Such' a strip 
will heml with ohango of tomporaturo, and, if 
clamped at ono end, tho movement of tho 
ot-hor end (suitably magnified, if necessary) 
can bo made to operate a relay for regulating 
tho supply of gas or oleetricity to a furnace. 

A description has been published of such a 
furnace, in which an air space of about a cubic 
motor oapacity, heated olcotrically, was kopt 
at a temporaturo of tho ardor of 200° C. with 
an accuracy of within 0-1° C. a 

A similar typo of thermostat was devised 
by Gumlioli 1 in which tho bimetallic strip 
was curled into a largo spiral and actuated 
an electromagnet which controlled tho gas 
supply. In this case tho strip was hot housed 
in tho space that was required to roinain at a 
constant toinpomturo, but in a small vessel con¬ 
nected to tho samo gas supply, Tho electro¬ 
magnetic valvo controlled tho gas supply both 
to the furnace and tho vessel containing tho 
strip. An accuracy of 0-5° C. at 100° 0. is 
claimed for this apparatus. 

Another typo of thermostat, whioli is best 
considered among tboso working at moderate 
tomporntiiros, is that doponding on boiling- 
points. Thoro aro examples of suoh apparatus 
which can work at low temperatures, and 
othors whioli can bo iisod at high temperatures, 
but the greater number work botwcon 100° O. 
and 400° (J. They dopond upon tho constanoy 
of the boiling-point of various liquids, This 
constancy is made uso of in two different 
ways: (I) A bulb filled with tho liquid is 
placed in tho bath or furnaco whoso tompora- 
turo is to bo regulated, and is conncotccl with 
a tube containing mcroury, or witli a cylinder 
in whioli a piston moves freely. When tho 
tomporaturo renohes tho boiling-point of tho 
liquid, tho rapid riao of pressure, duo to tho 
evolution of vapour, moves tho piston and outs 
off tho gas supply or the current. With fall 
of tomporaturo, and consequent condensation 
of tho vapour, tho gas or ofcotrioity is turned 
on onco more. (2) Tho specimen, whoso teni- 
pomturo is to bo controlled, is suspended in 
tho vapour arising from the boiling liquid. 


3 itnyncr, Faraday Sue. Trans., 1011, vil. 203. 

* (iuinlli h, ZcUs.Jitr Imtnmcnlenknnde, 1808, xvlLL. 
317. 
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This vapour is led to a condenser, and the 
liquid is returned to the boiling vessel. 

Both these types of thermostat suffer from 
the disadvantage that they are slightly affected 
by changes in barometric pressure, and by the 
more sorious disadvantage that, working at 
atmospheric pressure, the number of tempera¬ 
tures attainable is very limited. By an altera¬ 
tion of pressure it is possible to increase the 
range of temperatures obtainable, bub this 
introduces sorious complications. An ingeni¬ 
ous apparatus, which avoids theso difficulties, 
makes uso of the fact that, iti boiling a mixturo 
of liquids, the concentration of tho vapour is 
different from that of tho liquid, and, con¬ 
sequently, if tho vapour is allowed to escape, 
tho boiling-point will change continuously. 
Tho apparatus is shown diagrammatically in 
Fig, 2, where A is tho vessel in whioh tho 
mixod liquids 
ate boiled, and 
B is a pipo 
loading tho 
vapour through 
tho condenser 0. 
As long as tho 
tap J) is open, 
tho oeiulonsod 
liquid flows 
—i u-way to tho 
E / receiver E, and 
thoreforo tho 
li'iq, 2 . boiling-point of 

tho liquid in A 
continues to rise. When tho required tom* 
pomturo has been reached, tho tap J) is olosod, 
with tlio result that tho condensate is returned 
to A, thus keeping tho concentration, and 
therefore the boiling-point, constant. The 
specimens to bo heat-treated are suspended in 
the vapour in A, 

§ (3) ITitm TuMi'KiiATiniH Thkiwomtats.—- 
Tho problem of obtaining a steady high tem¬ 
perature is much more difficult than the ono 
of hooping a constant low or medium tempera¬ 
ture. In a few isolated cases it oati bo demo 
by tho uso of boiling-point methods, lmb tho 
number of temperatures which can bo got in 
this way is very limited. The expansion of 
molten tin has also hcon used in an apparatus 
similar to that which employs tho expansion 
of mornury ns tho thermostatio medium, but 
there are manifest inoouvoniencoB in using a 
substance whioh is not liquid at ordinary 
tompomturos. An apparatus has also boon 
dovisod in. whioh tho ourront from a thermo - 
'couplo is arranged to control the tomporaturo. 
Tho ourront is led to a milliammotor, on tho 
scab of which are two motallio blocks separated 
1 ' a sheet of mica. Theso blooks can bo moved 
'or tho soalc so as to placo tlio mica strip 
low the position occupied by tlio pointer 
any dosirod tompomturo, At regular 



intervals the pointer is depressed by clock¬ 
work, mid, according as tho toinperaturo is 
above or below that for which the instrument 
is sot, makes contact with ono or other nf 
tho motallio blocks; these and tho point ivv 
aro electrically connected with a relay in such : 
a way that resistance is out into or out of tlio 
furnace oirouit according to whioh of tho eon- 
taots is made. Tho tomporaturo is thus con* 
trolled at regular time intervals, and tlio 
amount it varies will therefore depend on tho 
rate of boating and cooling of the furnace. In 
place of the thermocouple, a platinum resist¬ 
ance and Whcatstono bridge can, of course, bo 
used. This apparatus has only recently boon 
described, anil, as far as tho writer is a warn, 
has not yot boon used to any great extern t, 
but it appears to lie promising as a method 
of controlling largo commercial furnaces whioh 
only chango slowly in tomporaturo, and where 
variation of a few degrees is not of grout 
importance. 

Tho use of tho expansion of a gas in a regu¬ 
lator of tho toluene typo was early triod* 
D’Arsonval constructed a thermostat in whioh 
tho expansion of air in a bulb in tho furnaco 
was communicated to a vcssol similar to tlio ... 
eapsulo of an aneroid barometer. Tho motion 
of this eapsulo was used to work a relay for 
controlling tho gas supply to the furnaco. A 
similar arrangement is described by Mollor 1 
for uso with an oleotrio furnace, tho expansion 
of tho air operating on a column of mornury : 
which is arranged to work a relay. Thin 
controls tlio ourront to tlio furnaco, With 
Mollor’s apparatus, an aoouracy is claimed of . 
10° 0. at 400° 0. and 30° 0. at 700° 0. 

Both those forms of instrument suffer from ! 
two disadvantages. Jii tho first placo, 
bulb, being insido tlio furnaco, responds 
more slowly to changes of temperature 
than iloos tho furnaco itself. This per¬ 
mits of wider fluctuations in tompora- 
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fcuro of tho furnaco than are domrablo. : 
fiooondly, tho apparatus is seriously affected 
by ohangos in barometric pressure. A form of 
gas thermostat whioh avoids those disadvan- 
tngos, and winch lias certain other advantages 
peculiar to itself, is illustrated in Fig, 3. 

Tho furnaco itself a consists of a double * • 

1 Clay and lottery Industries, p. 133. ;> 

* Inst, oj Metals J., 1015, xlv. 145, uml 1017, ■; 
xvlll, 173. £ 
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walled silica vessel, whose inner space is to 
lie maintained at a constant temperature. 
r l*lio volume between the two walls is filled 
with air, and round the outer wall is a winding 
of “ niohroino ” or other resistance wire. The 
whole is Biiitably lagged. 'L'lie air-space be¬ 
tween the walls of tlio furnace communicatca 
with a U-tuhe containing mercury, and the 
expansion and contraction of tho air with 
<;hango of temporataro causes a rise and fall 
of tho mercury. This makes and breaks tho 
ciirouit through a relay, which cuts resistance 
into and out of tho furnace circuit. Since 
tho controlling medium (air) is between the 
Heating wire and tho constant temperature 
Bpftce, tho fluctuations of temperature of this 
rvir will bn greater than those of the furnace j 
this enables tho laLtor to run at a very steady 
tomporaturo. To protect tho apparatus from 
changes in barometric pressure, tho limb of 
lilio U-tuho not attached to the fnrimoo bulb 
is onnnooted with tho short side of a syphon 
Ijaruinotor. The expansion or contraction of 
tho air in tho lndh is transmitted through tho 
mercury in tho control tube to the mercury 
in tho barometer, which thus rises or falls 
with alteration of temperature in tho furnace. 
Withsueh a furnace, wound with niohroino wire,- 
it is possible to attain a tomporaturo of 1000° 0. 
nnd to maintain it constant within J; 1° C. 

Such a thermostat functions by keeping tho 
moan voltage on tho furnace terminals at a 
<l«finito value. This value is such that the 
limit input, due to tho current produced in 
fcho furnaco by that voltage, is just miflioiont 
to compensate for radiation and other lieat 
losses. It follows thoreforo that, given a 
Hoaoml furnaco which will ho affcctod by 
oluinges in room tomporaturo to the rnuno 
extent as tlio thermostat furnace, and con- 
noofcing it in parallol with tlio terminals of tho 
thermostat furnaco, hut in scries with its relay, 
resistances, oto,, tho temperature of the second 
furnaco will ho regulated at tho same time ns 
that of tlio first. Nor is there any theoretical 
limit to tlio number of furnaces which can bo 
run in this way. 

In certain investigations, particularly those 
dealing with motallio equilibria, it is advan¬ 
tageous tc* ho ablo to heat or cool specimens 
at a s toady—-often vory hIow— rate. With 
tlio apparatus just described this is a matter 
• of considerable ease. All that is necessary is 
to provide moans for gradually lowering tlio 
pressure in tho apparatus on tlio furnaco side 
of tlio U-tuho for slow boating and on tho 
barometer side for slow cooling. This is best 
done by moans of a hull* immersed in hot 
water or oil, contained in a thermos flask or 
other vessel. .By altering the size of the bulb 
or tho rate of aooiing of tho liquid, it is possible 
to obtain rates of heating or cooling of tho 
furnaco from 1° C, per day upwards. For 


convenience two bulbs arc sometimes fitted, 
ono of which, for slow heating or cooling, is 
immersed in water in a thermos flask, while 
the other, for quicker changes of temperature. 



is in oil in a vessel which carries a winding, 
by means of which tho oil can lie heated 
electrically. Fig. 4 illustrates such an ap¬ 
paratus diagrftinmaticnlly. Tho relay used is 
the ono described by Bari'. 1 j, r,. ir. 

Thomson Effect, Definition and Thermo¬ 
dynamic Theory of. Sco “ Thermo- 
dynamics,” § (05). 

Thomson, James, Ideal Isothermal of. 

Sec “ Thermodynamics," § (59). 
Tjiohnyouokt Belt - Dynamometer. See 
“ Dynamometers," § (4). 

Tiihottmno, Natuiie and Effects of. See 
“ Thermodynamics," §§ (32), (43). 

Tidal Power. Sec “ Hydraulics,” § (30). 

Tide Gauge. See “Motors, Liquid Lovol 
Indicators,” § (15) (ii.), Vol. III. 

Timber Tests. Sco “ Elastic Constants, 
Determination of.’’ 

Ball and Cone Hardness Method. § (131). 
Bending. § (128). 

Cieavftbilifcy. § (130). 

Compression. § (120). 

Crushing Tests on Timber along tho Grain. 
§ (120), Table 45. 

Density, Moisture, and General Conditions. 

§ ( 122 ). 

Determination of Toughness. § (129). 
Influence of Conditions of Tests upon 
Results. § (134). 

Resistance to Abrasion and Wear. § (132), 
Size of Teat Pieces. § (124). 

Shear. §(127). 

Tension. § (325). 

Time of Explosion in Internal Combustion 
Engines. See “ Engines, Thermodynamics 
of Internal Combustion,” § (Cfi). 

Toothed Wheels. Sco " Kinoinntica of 
Machinery,” § (9). 

TOpleb Pump, Sco “ Air-pumps ” § (10). 
Torricelli’s Pump. See "Air-pumps,” § (15). 
Torsion. Seo " Structures, Strength of,” 

§ (29). 

» Phus. Soc. Trans., 10&L, xxxiil. &3. 
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Torsion a r, Strain Indicators : description 
of various forms of apparatus. See “ Elastic 
Constants, 'Determination of,” § (•'>.'>). 
Torsionxibtkrs. See “ Dynamomotors,” § (3) 
(i.) and (ii,). 

Ayrton and Perry’s. Reo ibid. § (3) (ii.). 
Hopkinson-Thring, See ibid. § (3) (i.). 
Total IIkat. See “ Tlionnodynamies." 
Constant in Throttling Process. § (32). 
Definition. § (31). 

Value for Ideal Gas. § (67). 

Value for Mixture. § (02). 

Wot Steam. Sco “ Steam Engine, Theory 


of,” § (14). 

Towers’ Experiments on Journal Friction. 
See “ Friction,” § (20). 

Traction Dynamometer. See “ Dynamo- 
motors,’’ § ( 6 ). 

Tractor Dynamometer (National Physical 
Laboratory). See “ Dynamometers,” § ( 6 ) 
(iii.). 

Transformers, Hydraulic. Seo “ Hy¬ 
draulics," § ( 02 ). 

Transmission Dynamometers. See " Dyna¬ 
mometers,” § (3). 

Transmission op Power ry Fluid Motion. 
Sco “ Hydraulics,” § (03). 

Transmission ov Power by Fruition ; 
Theory op Belt Friction. See “ Frio* 
tlon,” § (30). 

Triple Point. The tomporaturo at which 
tho throo phases of a substance, solid, liquid, 
ami gas, can co-oxist in contaot with ono 
another and in equilibrium. Sco “ Thermo¬ 
dynamics,” § (41); " .Phase Rulo,” §(4). 

Trouton, formulation of tho law connecting 
the latent heat, L, of a suhstanco with M, 
its molecular weight, and T, its absolute 
tomporaturo, which states that 


ML 

constant. 


This law is true for mom hors of tho name 
ohomieal group, such as tho hydrocarbons, 
but is not truo for widely different substances. 
See " Latent Heat,” § (11) (i.). 

Tkouton’h Constant, Values op, for different 
substances, tabulated. Seo 11 .Latent Iloat,” 
§ (11) (i.), Table VII. 

Tubes, Protkotino, for uso with thormo- 
olomonts. Seo “Thermocouples,” §§ (*!), ( 6 ). 


TURBINE, DEVELOPMENT OF THE 
STEAM 

The following is n list of symbols used, somo 
of which nro defined in tho toxt; 

A=area of oross-Bcotion of a nozzle or of a ring of 
nozzles (§ (0)). (Square indies § (13).) 
«=ooofflolcnt (§ (13)). 
a**" velodly ratio ” of a stage (§ ( 1 )). 
d=moan ovor-all "volooity ratio” of a turbine 

(§(H)). 


. b = constant (equation ( 20 ), § < 11 )). 
c \igilP/dp ; § (9), also coefficient (equation (35), 
§ (1C)). 

</ = mcnn diameter of blade-ring in inches (equation 
( 2 ), § ( 1 )). 

5^coefficient (equation (36), § (10)). 

K—“curvo ” blading efficiency (§ ( 10 )), 
e=eflioienoy ratio of a turbine (§ (1.5)), 
rj s =slngo cflloienoy (§ ( 0 )). 

?;,,=dingram effioienoy (§ (4)). 

/= principal stress (§ (15)) and periodicity (§ (17)). 
( 7 =gravity. 

7 = index in incutropio law of expansion lending to 


the result PYV=constant. 

11 = “Homogeneous bead ” of steam = 144 PV foot 
(equation (24), § (10)), 

A = blado height or blade length in inolioa (§ (13)). 

I=total heat of steam (§ (14)). 

I t = total available heat (equation (2(1), § (11)), 

T a “available heaL per slngo of a turbine (equation 
(4), § (3)). 

J=Jou1c’h mrahanicnl equivalent of lieitt»«778 ft.- 
11)8. per B.Tb.lJ. 

K = the Parsons cooffioient (§ (11)), 

Kp=Rpecillo heat nt constant pressure (§ ( 0 )), 
Kti=spcoilio heat at constant volume (§ ( 0 )). 
fc=oooflloicnt of opening in nozzles or. binding 


(§ (!»)). 


throat width 
oiroumfcroniinl pi toll 
L=lntent heat (equation (10), § (0)), also output 
of turbine at coupling (§ ( 10 )). 

/=losses (§ ( 10 )). 


X=»ludcx in law of oxpnnsion 1^= constant 
(equation (8), § (0)). 

=safety fnotor (§ (15)), also meolmnieal losses 

(§ ( 10 )). 

N=number of ])n'ssuro stages in a turbine (§ (11)). 
n =numbnr of velocity stages in a lurbino (§ (3)), 
P=abai)!ulo steam pressure. 
p=number of pairs of polos (§ (17)), 

Q = total steam consumption per unit lime (§ (I))) 
(lbs. per Ilnur, § (13)), 

< 7 =qunllly of steam or dryness fmotion {§ (0)). 
It=rcvolntions per minute of Lurbino (equation 
2,§(U). 

/>=den8ity of fluid {§ (0)) = 1/V. 

N=steam consumption per kilowatt hour (§ (14)), 
<rm coefficient (§ (15)). 

'J.'=al)Holulo steam temperature (§ (0)). 

« = tangential velooity of a blade ring at mean 
dlamelor (§ (1)). 

V=speoi(lo volume of steam (§ (0)) oubia feet per 
IMHind (§ (13)). 

v=stcam jot volooity at any Instant (§ (1)), 
5=olmngo in velooity of steam jet, in any dircotiou 

(§ (4)). 

W = My ^gravitational units of mass (§ (4)). 

Z =» P/P, = rcoi))rooal of prcsHUio ratio (§ (0)). 
w=angular volooity (§ (16)). 


I. Introductory 

§ (1) General Theory. 1 —Tho steam turbine 
is an engine or “ prime mover ” working on 
tho samo principle as tho familiar country- 

1 For an ncoonnt of the theory of jots sco "Steam 
Englno, Thoory of,” §§ ( 11 ), (12). 
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Bide windmill. Instead of a current of air 1 
being utilised to rotate a abaft by means of 
“ saiis,” a eiUTent or blast of steam issuing 
from a number of fixed nozzles is employed 
to rotate a shaft by means of “ vanes,” 

“ buekots,” or “ blades." 

In the ease of windmills tho relatively small 
power obtainable from air, with 11 reasonable 
sail area, and the discontinuity of the breeze, 
render this typo of prime mover of relatively 
little economic importance. With tho steam 
turbine, however, tho caso is very different. 
Not only is thero tho convenience of uniform 
rotary motion produced by a steady torquo 
applied to a shaft direct (in common with 
tho windmill), but also tho unfailing steam 
blast generated with coal or oil fired boilers, 
and tho enormous output obtainable from a 
turbine of very moderate dimensions. 

Tho economic value, therefore, of tho steam- 
driven rotary ongino, or steam turbine, lms 
boon tho incontivo to its development to tho 
utmost, and its ovolntion has been success¬ 
fully carried out during tho Inst thirty years 
in tho face of all obstacles, mainly owing 
to Olio efforts of Sir Charles Parsons and his 
associates, until to-day it is by far tho 
hugest and most oeonoinioal prime movor 
yet devised. Its olffcionoy is unrivalled by 
any other form of steam ongino. Units of 
30,000 to -JO,000 homo - power are becoming 
commonplace in largo land power stations 
for tho generation of olcetricity, whilst marine 
installations roach 150,000 shaft horse-power 
in one vessel, 

The diflioultics enooimtorcd in tho ineoption 
of the steam turbine wore mainly mechanical, 
brought about by tho physical properties of 
stoam. Water turbines had already been 
worked out by several well-known nincteonth- 
oontury engineers, and brought to a con¬ 
siderable stale of perfection prior to 1880 ; it 
was on tho high oflioioney of tho water turbiuo 
that the hope of a successful counterpart in 
the stoam turbine was based. Tho olastic 
property and relatively low density of steam, 
however, in contrast to the incompressibility 
and relatively high density of water, pro¬ 
foundly complicated the problem. Tho clon- 
Bity of dry saturated steam at 185 lbs. per 
sq. in. absolute pressure, is 1/2-20 lbs. por 
oub. ft., or about 1/140 of that of water. At 
an absolute pressure of 4 lb. por sq. in. it is 
1/050 lbs. por oub. ft., or about 1/40,000 of that 
of wator. Further, not only lias stoam turbine 
dosign to doftl with largo variation in volume 
of steam, but also with tho fact that low 
density implies high velocity of efflux from a 
nozzlo. Tho volooity theoretically attainable 
by a current or blast produced by allowing 
stoam to escape through an orifico or nozzlo 
to a plaeo at lower pressuro, is prodigious, as 
will bo scon by a reference to Tablo I. 


Taiii/b I 


Thkoretiuai. Vm.ooiTY or Ekfi.ux ova Steam Jet 


Btmiii I’rcssure. 

t.bs./ln. 2 r»l>J. 

Irtry Mturatol). 

Yuliwily hi III 
Atmosphere. 

Kt./ecc. 

Velocity Into Vacuum 
of 28 " Mercury 
|L:in>. 80") 

Ft. Jwc. 

10 

. . 

2077 

15 


2000 

30 

1002 

3203 

50 

2108 

3510 

75 

2425 

3071 

100 

2045 

3804 

125 

2777 

3005 

ICO. 

2000 

3083 

175 

3000 

4050 

200 

3075 

•non 

260 

3207 

4100 


Further, mmplo mathematical theory shows, 
and experiment confirms, that tho proportion 
of tho avail a bio energy in tho steam, which 
can bo converted into useful work on tho 
turbiuo blind, depends mainly on tho relation 
which is nmdo to exist between tho linear 
volooity of tho buckets nr 11 blades,” and that 
of tho steam jots which impinge upon them. 
In otlior words, tho clffcicnoy of a turbine 
depends mainly upon the ratio 

Tnngonlinl libido velocity_u ... 

Klearn jet velocity ~v ' 

called tha “ Velocity Ratio ” and usually de¬ 
noted by the symbol a. 

Fij. 1 shows a curve of tho inherent efficiency 
of tho usual Parsons blading, plotted on a Imso 



Fra. 1. 

of “ velocity ratio,” loakugo and mechanical 
losses having been eliminated. 

From thin diagram it will he seen that up 
to a certain limit, the higher tho velocity 
ratio, or in other words the higher tho blndo 
velocity for a given volooity .of steam job, tho 
higher is tho efficiency of conversion of heat 
enorgy into useful work. 

In view of tho data furnished in Table I., 
showing that in tho expansion of steam through 
an orifico, a velocity of sovoral thousand feet 
per bccoiuI is to bo expected, it becomes clear 
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(unco proved to ho tins only solution. In 
fact, this principle of “ pressure compound¬ 
ing ” is the one essential feature of nil 
modern steam turbines of large output nnd 
high economy, because it permits reasonable 
hhulo velocities to bo adopted without sacrifice 
of ofiicioney. 

This gratifying result, nevertheless, was only 
finally established after years of patient en¬ 
deavour, on account of Clio leakages of steam 
which- take plaeo when it is attempted to 
divido up the pressure drop into stages. The 
necessary surface speeds in successful steam 
turbines are (as has been shown) so high, that 
leakage over the tips of revolving blades or 
round the periphery of a shaft where it passes 
through diaphragms separating one prossuro 
stage or “ coll ” from another, cannot bo 
ntanohed by any form of packing which 
involves actual rubbing contact, on account 
of the groat boat that would bo genoruted. 
Ifc follows, therefore, that such leakage, if it 
onmnib bo altogether suppressed, must bo re¬ 
duced to a minimum. Thus all compound 
turbines, of wluitovov design, havo fine clear¬ 
ances in' certain parts, such fine clearances 
being ossontial to steam economy. 

In bis early work Parsons was faced boro 
with a most formidable difficulty, inasmuch 
iih at the 'commencement it was only possible 
to build small machines. It will be evident 
that small machines cannot bn made sealo 
models of larger ones in tho matter of clear¬ 
ances. That is to say, small machines must 
have working clearances relatively very muoh 
greater than aro required in largo ones, nnd 
tho leakage in tho former bocomes oxccssivo. 
Tho inventor realised that ns tho sizo of tho 
turbine was increased, this troublo would simul¬ 
taneously subside, but oven so, the greatest 
ingonuity was required, and is required to¬ 
day to reduce loakngo to tho smallest possiblo 
amount, 

I’ai'HoiiH originated tho two principles, now 
universally admitted, that whoro tho relativo 
motion between two surfaces is vory great, 
and it is desired to limit fluid or gaseous 
leakage bolwcon them— 

(1) One of the surfacos must bo provided 
with thin edges or Bo-eallcd “ contacts.” 

(2) Both surfaces must bo sorrated or given 
an interrupted contour in tho direction of tho 
pressure gradient. 

Tho first is necessary in order to limit 
loakago by reducing tho leakage area, that is 
to say, to onablo tho two surfaces to bo run 
oloso up to one another at suitable points, 
without danger of irreparablo damago in tho 
ovont of aooidontal contact. 

Tho second is necessary in order to limit 
furthor tho loakago by compelling tho fluid to 
flow in a tortuous path induoing eddies and 
baflling ofl’oob, 


If one surface only is serrated, and the 
other smooth, then the loakngo is almost tho 
same ns between two smooth surfaces of tho 
same dimensions and cloaranco. 

Fig. 2 shows tiioso principles applied to a 
Parsons turbine, where it is desired to make 
tho leakage of steam between the stationary 


A Cylinder 



oylindor (A) and tho revolving shaft (B) as 
small ns possible. 

By such moans this great obstacle of lcak- 
ago loss was gradually overcome, and tlm 
principle of pressure compounding established 
as an essential fenturo of economical stoam 
turbiuo design. 

§ (2) Evolution into Distinct Tykes. De¬ 
velopment along Diverging Paths .—From this 
stngo of development onwards, steam turbine 
design falls into two distinct categories, viz. : 

(i.) Pressure Compounded " Jtcaclion ” Tur¬ 
bine Design, originated by Parsons in 1884. 

(ii.) “ Inqndse ” Turbine Design — 

(«) Pure “ pressure compounding,” adapted 
by Curtis (18i)fl) to tho do Laval typo, bub 
dovoloped mainly by Bateau (1898). 

(4) '* Pressure compounding ’’ and “ volooily 
compounding,” introduced by Curtis (1896) 
and dovolopod by him. 

This divergence lias ultimately ovolvcd dif¬ 
ferences in design so marked that n singlo 
glanco is all that is neccsBnry in ordor to 
distinguish between tho two main types, which 
with fow exceptions aro built ns axial flow 
turbinos with horizontal shafts. 

Tho names “ Reaction ” turbine and ” Im¬ 
pulse ” turbine, mentioned above, aro more 
popular than scientific, and it is important to 
possess a clear idea as to tho fundamental 
clifTorcnco in dosign which places a turbine in 
ono or other category. 

This fundamental difference lies in tho shape 
of tho steam passages between the blades which 
aro mounted on tho turbine wheels. 

Tho "nozzles” UBcd in Bteam turbines to 
produce tho propelling Rtoam jets arc fixed and 
are always the same in principle, although tlioy 
may differ considerably in proportions. That 
is to say, there is always a convergent passage 
connecting a point ol higher steam prossuro 
with a point of lower stoam pressure, the change 



1030 


TURBINE, DEVELOPMENT OF THE STEAM 


(Fig. 3) in cross-section being made gradual 
in order to produce high efficiency of con¬ 
version of heat onergy into kinetic energy. 
The nozzle may have a divergent extension 
or “ mouthpiece ” as iti Fit/. 3, ft, and in turbine 
design lias to bo “ skewed ” at an angle to 
the plane of tlio wheel, as in Figs. 3, c, cl, but 
in.every case the primary intent is to create 
a drop in pressure over tho two sides of the 
boundary plate containing tho nozzle, and to 



xx «®Tliroafc illninotcr or width. 


utiliso that drop in pressure to produoo a atoain 
jot. 

Having obtained tho requisite stoam jots, 
howovov, tho buokots or blades on to wliioh tho 
jots are to impinge aro made with tho funda¬ 
mental distinction (corresponding to "Impulse” 
or "Reaction” design respectively)— 

(а) Impulse with " parallel ” passages— i.e. 
passages of nearly constant sectional area. 

(б) Roaotion with " convergent ” passages— 
i.e. passagos of diminishing cross-sectional area 

(similar to tho nozzles). 

Tho construction of tho 
blading, according to one 
plan or the other, has a 
profound offoot on tho bo- 
havimir of tho stoam, and 
is responsible for tho groat 
divorgonco of design in tho 
two main types (" Impulso ” 
or “ Roaotion ”). 

If tho passagos aro mndo 
" parallol," ivh in naso (a), they will offor littlo 
or no obstruction to tho passago of tho stoam 
jets through thorn, and consequently tho steam 
pressure will bo praotioally tho samo on both 
sidos of tho whool—i.e. it 
will bo equal to tho outlet 
pressure of tho nozzles 
(Fig. 4). 

If, on tho other hand, 
caso (6), tho biado passagos 
aro niftdo " convergent,” 
as in Fig, 5, they then 
have tho same property 
and a doflnito drop in 
fs necessary in ordor to make tho 
that— 

: over tho 



-Impulso 
binding (pnrnllol 
passages). 



I'M. 5. — Iloftotlon 
binding (convorgont 
passages). 

ntt tho “ nozzlos,’ 


(ft) Tho expansion of tho steam in tho blades 
themselves, duo to the fall in pressure, will 
cause a speeding up or increase in velocity of 
tho jets passing botwcon them, and tho driving 
torque will bo supplied almost ontiroly 1 ) 3 ' tho 
baolcward “ reaction ” of tho jots issuing from 
the revolving blades. Henco tho name “ Re¬ 
action” turbine. 

§ (3) Theoretical Consiukratioks, — 
Simple mathematical theory shows, and ex¬ 
periment confirms, that if the blading bo mndo 
as in caso («)—t.c, witli “ parallol ” passages 
so that no expansion of stoam takes plnco 
except in tho nozzles, then tho best efficiency 
is realised when tho " velocity ratio " is about 
ono-half. This is tho cast? of tho do Laval 
turbino. If tlio binding bo mndo as in caso 
(ft), howovor—i.e. with “ oonvergont” passages, 
then tho best volocitj' ratio is about unity. In 
that ease, tho jot volocity from tho guide blades 
will bo about oqual to tho mean velocity of tho 
rotating blades. 

It should 1)0 nnfcod also that in tlio Reaction 
typo of turbine, since expansion of tho steam 
is nmdo to take place in both fixed and moving 
blades, there is no reason why thoro should bo 
any difforonco botwcon tlio shapes of tho two. 
They hnvo in fact boon nmdo alilco from the 
earliest days, although tho profilo of tho blading 
lias gone through a long process of‘ ovolution 
in tho olTort to obtain maximum offieicncy. 

When tlio blade passages aro made " par¬ 
allel,” as in tho " Impulse ” typo, tho driving 
torquo is produced by tho steam jots from 
tlio nozzles. If thoro woro no liladon or 
other obstructions in front of tlio jots of 
steam, tlicso would travol forward in a 
straight lino. The ourvod surfaces of the 
blades, howovor, forcibly dofloot tlio jots from 
tho freo path, and oauso thorn to ho doviated. 
Tlio blades thomsolvos, therefore, will tend to 
move in tho opposite direction to tho deviation 
of tlio jots, and tho wheel is thus diivon l»y 
tho “ roaotion.” Tlio stoam jots, jn passing 
through tho biado passagos and doing work 
on tho wheel, will bo continuously slowed 
down, and will loavo tlio moving blades with 
a “ loaving volooity ” much loss than tho 
initial. 

It will thus bo soon that all turbines aro 
driven by " roaotion ” duo to tho alteration 
of volooity, in magnitude and direction, of tho 
working fluid. Tlio real distinction botwcon 
tho so-called “ Impulso ” and "Roaotion” tjqics 
Is that whilst in tho former tho reaction is 
duo to tho stoam jots being slowed down, in 
tho lattor (at unity volooity ratio) tlio reaction 
is produced by tho speeding up of tlio stoam 
jots in tlio moving blades thomaolvos, When a 
"Roaotion” turbino is worked at a volooity ratio 
loss tlmn unity (and in praotioo this is always 
so), tlio driving torquo is easily soon to bo duo 
to a combination of tho above two principles, 
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A “ pressure com(minuted " steam turbine 
{more often termed a “ compound steam 
turbine") may thus belong oitlior to the 
“ Impulse ” or to the “ Reaction ” typo, 
Curtis, wlm in 18i)(J was the first to apply 
the Parsons principle of “ pressnro compound¬ 
ing ” to tlio “ Impulse ” typo, did nob (at the 
time) consider tliat this was the best \my to 
solve the problem of reasonable mean blade- 
speeds, and therefore introduced the further 
principle of 11 velocity compounding.” Instead 
of allowing tho steam leaving a row of mov¬ 
ing “ Impulse ” blades (as described above) 
to enter a fresh sot of nozzles, as in tho “ pure 
prossuro compounded ” type, a row of fixed 
guide blades was fastened so that the jots 
wore diverted into tho samo direction that 
they had when issuing from tlio primary 
nozzles. They woro then made to impinge 
upon a second row of moving blades, mounted 
on tho samo whool, so that their velocity 
would ho still furthor reduced, and oxtra 



driving torcjuo obtainod. This principle natur¬ 
ally onablod much higher initial jot volooillca 
to ho employed, without increasing tiro moan 
blado speed, bocauso in ordor to absorb tho 
additional onorgy, it was only necessary to 
follow up tho second moving row of blades 
with another pair of (fixed) guides and (moving) 
blades, and so on (Fig. (i). This arrangement 
constitutes tho well-known Curtis “ velocity 
whool," which may havo one, two, three, or 
oven four rows of moving blades operated by 
ono row of primary nozzles. 

Mathematics and oxporimont again show 
that if thoro aro " n " moving rows in a 
“ velocity whool,” tho “ volooity ratio ’’ at 
whioh maximum ofiioionoy is attained, is given 
approximately by tho oxprossion 

ftiimx.—g“« • • * • (3) 

Thus, taking tho oaso of a atoam jot volocity 
of about 4000 foot per sccnntl, if a “ throo-row ” 
volooity whool bo usod, tho moan blado speed 
need only bo 4000/2 x 3 or 007 fcct/acc,, whereas 
in a simple do Laval turbino it ought to be 


4000/2 x I or 20U0feet/aec. Tho first mean blado 
speed (007) is quito normal in modem practice, 
but tho second (2000) quito unattainable. 

Fig. 7 sliows a diagram of inherent efficiency 



for the Curtis velocity wheels on a volocity 
ratio base similar to that in Fig. 1, 

The curves A, B, C, represent, for woll-clo- 
eigned singlo-, two-, and three-row volooity 
wheels respectively, what is commercially ob¬ 
tainable under favourable conditions, when 
tho losses duo to disc windage and kllo-blado • 
“ ventilation” aro 
a minimum. They 
also include internal 
friction and eddying 
of tlio steam in tiro 
passages of tlio 
nozzles and blading. Ida, 8. 

On tho assumption 

that tho curved surfaces of the blades doflcct 
tho stoaiu jots through 180°-— that is to say, on 
tho assumption of zero inlet and outlet blado 
anglos (Fig. 8), then at tho volocity ratio given 
by equation (3) tho ofiioionoy would bo theo¬ 
retically unity, and tho steam passing from the 
outlet edges of tho 
last row of blades 
would bo loft 
stationary, tliat is 
with zero kinctio 
onorgy. 

In prnotico, it is 
necessary to design 
the nozzles so as to 
mako a finite anglo ■ 
with tho direction of motion of tho blades in 
order to clircot tho steam into tlio blado 
passages, and get rid of tlio spoilt steam 
continuously, tlnia passing it on to tho suc¬ 
ceeding stages. It is thoroforo ncccRsary to 
adopt finite blado angles as indicated in 
Fig. 0. 

In prnotico, too, tho turbine lias to mako 
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good its own internal losses as well ns to supply 
external power, and it is found that tiro actual 
efficiency curves. Fig. 7, differ from the theo¬ 
retical curves from two causes : 

(1) The greater the number of moving rows, 
the more serious is tho loss in efficiency. 

(2) Tho best efficiency is usually obtained 
with a velocity ratio somowhat less than tho 
theoretical value given by equation (3). Tho 
following range of values, however, fairly repre¬ 
sents modern practice in largo turbines : 


Table II 



a = «/u. 

Axial flow reaction binding (Parsons) 
Singlo-row vclooity wlieelB . , 

Two-row velocity wheels 

Three-row vclooity wheels , 

0-75-0-05 

0-46-0-52 

0-22.0-28 

0-13-0-16 


By means of equation (3) a table can bo 
drawn up for velocity wheels with varying 
nuinbor of moving rows, showing thoir equi¬ 
valence as regards tho utilisation of tho avail-. 
able heat derived from tho expansion of steam, 
and with reference to similar points on thoir 
respective efficiency ourves. 


Table III 

Equivalent Wheels 



i? = 

n 

ife 

3 0 3 
1^1 

h 

It 








Singlo-row 

1 

n 

p 

1., 

,, 

Two-row . 

B 

n 

m 

•!l« 

Equivalent to l 

Three-row. 



N 



8 

n 


HI,, 


Fimr-row . 


M 



Eli 



101,i 



li 

HI 

u 


single whcols j 


If “ I 0 ” is tho heat drop or “ available 
heat” in a given oasc, then JI„ is tiio “ volooity ” 
hood in foot j so that 1 


liouoo it follows, as will bo soon from the above 
tablo, that equivalent wheels of a given mean 
diameter and speed of revolution are pro¬ 
portional to tho square of tho volooity ratios 
which glvo maximum officienoy. 

Thus— 

One 3-row wheel _{J)» i 
X single-row wheots ~(£)* ~ 

so that ono three-row volooity wheel is tho 
equivalent of 9 singlo-row whcols, and so on. 


In other words, if 0 single-row wheels , 
tho total heat drop equally divided hot 
them) are operating at a given point oi 
officienoy curve OA ( Fig, 7), then if t.luv 
replaced by ono throe-row wheel, utilisinj 
same total boat drop, tho latter wheel 
operate at a similar point on tho olfiei 
ourvo OC. 

It should ho noted, howovor, that u 
tunately this ingenious solution of tho s 
turbine problem {by means of “ volooity 
pounding”) cannot bo adopted without son 
of offioiency. 

■Tho two-row and single-row whcols 
reasonable maximum ollioionoy, hut tho n 
sary volooity ratios are relatively so high 
all tho available energy in high-pressure s| 
cannot ho efficiently used in one wheel 
that tho Parsons principle of “ pressure < 
pounding ” has also to ho employed in < 
where officienoy is of importation. 

Thus a turhino may ho both “ volt 
compounded ” and “ pressure oompoundm 
Tho reason for the Inferior ollltilenny atlaii 
from “ velocity compounded " wheels is tlmt it 
not boon found possible to deviate a high veh 
steam jot (hi tho manner cmicnthd to " voli 
compounding") without very serious losses du 
shook, friction, and edilies. 

Thu Parsons principle of " pure' pressure i 
pounding" therefore rmnnins tlm correct solut 
ami it Is now universally adopted. 

For soveral years Curtis persevered with " vek 
compounding" on acaoimt of the advening 
would havo in dealing with largo pressuro drops 
so rendering a ttirhluc extremely short, hut ( 
when used in conjunction with pressure oompoun 
(i.c. a series of velocity wheels separated liy now 
the eflioiimay 1ms proved no match for tho' Itenc 
typo. 

Ualoau (in 1808), on (ho other hand, took 
(and subsequently developed) Curtis’s orio 
adaptation of tho Parsons principle, namely j 
pressure compounding of llm do Jamil typo, 
efforts wore attended by great success, such i 
tho typo of turhino now known universally ns 
“ Italeau " is th» only serious competitor of 
jmro “ Reaolion " type. 

§ (4) Tiik Vkmmuty Diaoham,— Tho fun 
montnl dilYorenoo in treatment, of (,1m stc 
in tho two main typos of pure pressure or 
pounded turbines, namoly tho “ Impulso " i 
tho " Reaction ” typos, is dearly seen from 
respootivo volooity diagrams (Fig*. 10 and j 
In tlio singlo-rnw Impuiso wheel, tho l 
volooity ratio is about 0-15, so that v, tho 
volooity from the noy/dos, is made about t\i 
■«, tho moan blado volooity. Tims OA—c f 
AB = u, bo that 

Tho volooity ration 1 - =s£1?, 
v OA 


1 Sec “Steam Engine, Theory of,” $ (12). In this 
section heat Is measured in Dynamicnt Units, licucc 
J (loos not appear. 


OB is tho relative volooity with which ,1 
steam outers tho blades, and is thoorctien 
constant as tho steam passes through I 
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curved blado passages. In practice it is 
reduced by frictional losses. CD, tlio relative 
velocity at exit from tho blade passages, is 
thus somewhat less than OB. CE repre¬ 
sents tho final absolute velocity of exit of the 
steam from tho wheel. It will ho evident that 
tho efUoioney will bo highest when tho value 
of u/o and tho blade exit angle aro such that 
CE is a minimum, which means that tlio tri¬ 
angle OKI) will ho approximately right-angled. 

In reaction blading the host velocity ratio 
is about fld), so that r, the jot velocity from 
the guide blades, is made nearly equal to «, tho 
mean hhule velocity. Thus, us before, the 
velocity ratio is AJi/OA, and it will ho seen 
that tho hhule inlet angle should ho about 1)0°. 

Tlio relative velocity OH, howovor, instead 



Put. II.—llcnctlon blading. 

Oun pair of rows (two pressure stages). 

of being nearly constant whilst tho steam 
passes through the blades, increases, duo to 
expansion of the steam in tlio blade passages, 
and as the lixed guide blades and tlio revolv¬ 
ing blades are made alike, 01), tho relativo 
velocity at exit, will lie equal to OA. OE is 
then the absolute velocity of ixit, and, as be¬ 
fore, the triangle OKI) will he approximately 
right-angled, 

The minimum value of the velocity of exit 
(UK) is determined by tlio equation of con¬ 
tinuity of flow, i.e. Q V -= Av. It will ho 
evident that this equation determines tho 
longitudinal velocity that must ho maintained 
at any uross section of tho turbine, in order 
to elfect the llmv of steam from inlot to 
exhaust. 

Owing to the small drop in pressure over a 
row of reaction blading, a simple turhino con¬ 
sisting of one row of guide blades and one row 
of moving blades is never used in practice; 


but a series of such “pairs” is grouped 
together. Tlio carry-over of kinetic energy 
from one row to another throughout the group 
(represented by CE in Fig. 11) is thus utilised 
in well-designed blading in every row until 
the linal exhaust is reached, when it becomes 
the “ leaving loss ” and is a dead loss on the 
efficiency. It should be noted hero that in 
badly designed blading the kinetic energy 
carried over from stage to stage may lie par¬ 
tially or completely lost, or rather reconverted 
into heat energy, with consequent thermo¬ 
dynamic loss. 

Tlio samo is true of impulse blading when 
pressure compounding is used ; and what 
ovidenco there is available goes to show that 
tho “ carry in ’’ of kinetic energy to liny row 
from tho preceding row is about balanced by 
tho frictional losses. That is to say, tlio jet 
velocities aro very, nearly in agreement with 
tho theoretical velocities to bo expected from 
tho actual pressure drops. 1 

In the reaction turbine, it will bo evident 
that tlio current or blast of steam must fdl 
up and traverso every portion of the interior, 
so that tho best blade profile is ono which 
olfors tho least resistance (as regards shock, 
friction, and eddying) to the passage of tho 
steam. 

The attainment of tho host profile is therefore 
a matter for experiment, and a geometrical 
construction bused on tho velocity diagram 
will lie of little assistance. 

In tho impulse turbine, on the other hand, 
wlioro thoro is no pressure drop over the moving 
blades, the lnttor must bn partially or only 
just lull of moving steam, otherwise oitlior 
spilling will talco plaeo, with consequent loss 
in driving torque, or if tho moving streams 
of Htoam do not sufficiently fill up tlio blndo 
passages in front of tlio nozzles there may Ijo 
losses due to eddying. In this case, thoroforo, 
a geometrical construction for the blado profile 
and blade passages is a necessity, and suitable 
blades aro a boson by reforcnco to tlio volooity 
diagram, the blade lengths being proportional 
to tlio longitudinal components ON, CM, cto. 

(Fig. 12 ). 

This velocity diagram is of ufio in impulse 
turbine design for the furthov reason that from 
it tho “ diagram ” oilioionoy can be readily 
obtained. In the general case of a singlo-row 
velocity wheel, not working at any particular 
volooity ratio, tho diagram will be as indicated 
in Fig. 12. 

This diagram may bo move conveniently 
drawn (especially when it is extended to 
multiplo-row . velocity whools) as in Fig. 13, 
in whiulL the lettering corresponds to that in 
Fig. 12. 

Tho fundamental relation, viz. change of 
momentum per second (in direction of motion) 
* Sea $ (10). 
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is equal to the impressed force, may bo written 
(from the diagram) 

W- W /AM w 

ff 0 ff 


The “ diagram efficiency ” ia therefore 
u . (W/g)v 2uv 

,,d “*{W/fl«)V“V' ■ • 


( 6 ) 


In the case of multiple-row velocity wheels, 
the diagram is extended by drawing the two 
triangles OAB and CED for each moving 
row of blades, and if w„ v v v a , . . . otc. 
represent the change in momentum per 
seaond (in tho direction of motion) por lb. of 


O 



steam for eaoh suoh row, tho diagram offioioncy 
is 


Vi-- 


2 uSv 


■ ( 0 ) 


wliioh can bo compared with tho experimental 
offioioncy curves (Fig. 7). 

In reaction blading, however, oxporimont 
has shown that tho best blndo profilo is best 
at all volooity ratios up to unity, so that tlio 
same profile is always used (increased in scale 
as required by considerations of strength) ox- 
copt in tho Inst few rows of a turbino, where an 
incroasod disohargo angle is generally nccos- 
sary to acoommodato tho low-density steam, 
Tho volooity diagram is therefore not used, 
but tho offioioncy of a group is obtained from 
tho experimental curve shown in Fig, 1. 

§ (6) General Remarks on tub " Im¬ 
pulse” and “ Reaction ” Types. —Prom 
the engineer’s point of view, steam is not an 


ideal fluid for uso in a turbino, owing to the 
fact that at high pressures tho specific volume 
becomes very small, whilst at low pressures it 
becomes very largo. 

Thus at tho high-pressure end of a turbino 
tho difficulty is usually to make tho mizv.lo 
passages small onougli. Tins difficulty may 
bo got over in tho caso of tho impulse turbino 
by tho uso of “ partial admission,” liooauso 
as there is no drop in pressure over the moving 
blados, it becomes possililo to admit tho steam 
through nozzles wliioh only occupy a fraction 
of tho poripliory of tho whool, hut in the reaction 
turbino, owing to the pressure drop over both 
fixed and moving blades, this method cannot 
bo appliod. The alternative device of dimin¬ 
ishing the diameter of Olio blndo rings at the 
high-pressuro ond is thoroforo adopted. The 
leakage over tho tips of tho moving blades 
is best limited by tho use of Parsons’ “Hnd- 
tightoned ” Roaotion Blading incorporating 
fmo (adjustable) axial clearances, but very 
largo radial oloarancos, which onsuro perfectly 
safe operation (Fig. 14). 

Tho impulso turbino lias fewer “ stagos ” 
or “simple turbines” in sories than Oho 
roaotion turbino because— 

(«) For a given available boat por lb. of 
steam, in ordor to obtain tho host efficiency n 
higher valuo of tho “ velocity ratio ” must bo 
■maintained in tho latter than In the former 
(Fig. 7), thus necessitating tho splitting up of 
a givon total available heat into a greater 
number of parts; 

(b) Tho reduction in moan blade ring dia- 
motor in the early stages of a roaotion turbino 
involves rod need mean hlatlo spood in theso 
stages and thoroforo slower rate of conversion 
of boat energy into mechanical work, so' that 
moro stages aro required to expand tho steam 
efficiently. 

On tho otlior hand, partial admission in 
tho impulso turbino involves serious wind ago 
and blade “ ventilation " losses, owing to tho 
fact that tho blados aro only active in driving 
tho wheel whon thoy aro passing tho nozzles, 
so that tho romaintlor and the cl iso itself liavo 
to ho driven round in an atmosphere of idle 
steam. Suoh losses ns those aro directly 
proportional to tho density of tho steam in 
which tho wheel revolves. 

In addition, liigh-votooily Btoam jots torn! 
to erode tho siuiaoos upon wliioh they im- 
pingo, so that tho modoralo volooidos employed 
in roaotion turbines. aro an advantage in this 
rospoot. 

The oharnotoriatio of tho compound impulso 
turbino (Fig. 16) is tho splitting up of tho 
"oylindor” or “cosing” into a number of 
oompartmonts, soparatod from oaoli othor by 
means of diaphragms, through tho contra of 
which tho shaft passes (with lino oloarancos to 
minimise leakage). Each diaphragm contains 
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nozzles fm’ tho impulso wheel immediately 
Ilf 101* ib. 

The ohuiactomfcics of tho “ Reaction ” 
turbino (>’/(/• Hi) ftVo the stopped shaft, the 
total absence of diaiihragma, and tho provision 
of “ dummy ” or balancing pistons at. the high- 
pressure end. Tho latter are provided in order 
to counterbalance tho axial thrust (in tlio 
direction of tho exhaust) duo to tho difference 
in tho steam pressure over the faces of each 
moving blade ring, and to tho steam pressure 
on tho shoulders of tho shaft where it is stopped. 
A balancing or 11 equalising " pipo connects 


abovo. Thus reaction blading preceded at 
tho high-pressure end by a velocity wheel 
finds considerable favour oil tho Continent, 
whilst the velocity wheel has also been exten¬ 
sively used to precede impulse blading of tho 
“ Ratcau ” type ( Fig. 1C). The present-day 
tendency, however, appears to bo towards a 
strict adherence to cither the pure reaction 
typo as chiefly represented by tlio Parsons 
anti the Ljungstrom, or to the pure impuLso 
typo os developed mainly by Eateau. 

Having thus shortly reviewed the physical 
considerations which liavo led to tlio evolution 



oaoli dummy piston to tho corresponding 
shoulder on tho shaft, so that tlio steam 
pressures aro automatically balanocd at all 
loads on tlio turbine. 

Mora rocotitly (1012) tho Swedish engineer, 
Birger Ljungslrlim, has dovolopod a com¬ 
pound turbine on tlio outward radial flow 
principle, and with doublo rotation in which 
both notea and blades revolve, but in 
opposite diroofioM. This arrangomont in¬ 
volves two driving shafts and two generators, 
but tho oflloionoy attainable is remarkably 
high. The turbine is of tho pure roaotion typo. 

Owing to tho groat complexity of tho 
questions involved In successful stoam turbino 
nmmijfnctiiro, many builders compromise by 
combining tlio loading principles dcsoribed 


of tho steam turbino ’into tlio main types 
described abovo, a brief indication of tho 
mathematical . treatment of tlio physical 
problems involved will next bo given. 

§ (0) TllEUMODYNAMIOS OF TUB TuilBlNE,— 

A discussion of tho thermodynamics of tho 
turbine, with an account of tho notion of tho 
nozzles, will be found in tho articles on 
“ Thermodynamics ” and “ Steam Engino, 
Theory of." 1 

It is shown there that if i)„ bo tlio stago ofli- 
eionoy in any Btngo of a compound turbino, dl a 
tlio energy available for external work, P tho 
preasuro, and V tho volume of tho unit of mass 
of steam, then 

dl^.WP. . . . (7) 

1 Seo "Sloum Engine, Theory ot," § (12). 
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(i.) Superheated Steam. — If the steam bo 
superheated and wo treat it as a gas of 
specific heat K p at constant pressure and 
K„ at constant volume, then for adiabatio 
expansion 

dl a = K p rfT= K ~-" lT ^(P V). 

Ilonco from equation (7) with stage offioionoy i}„ 
KpPdV+ - ri,(K v - K„)} VdP=0, 


and therefore PV A —constant, . 

whore \= v -~ 

Kp %(Kp — Kp) 


• (8) 
• (°) 


If r), is unity thon this expression reduces to 
K„/K 0 or 7 , and wo arrive at the ordinary 
isontropio law. 

From the above an expression can easily 
he found for the energy available for adiabatio 
expansion . 1 


Tabi.e IV 

Reheat Factor for Steam supekheated Timouau- 

OUT THE WlIOEE HANOI) Ob' ITS EXPANSION 


Values of 
P, 

Hydraulic Efficiency 

>).= 

X °P- 

O'5. 

0 '0. 

0-7. 

0 '8. 

1 

1 '0000 

1-OOCO 

1-0000 

1-0000 

2 

1 '0303 

10312 

1 '0235 

lOlfiO 

4 

1 -0753 

1 '0020 

1 04(58 

1 0310 

(1 • 

1*1083 

1'1)800 

1 -0002 

1 0307 

8 

1-1 IDG 

1 '0034 

1 -0(108 

1 0454 

10 

1-1310 

1-1024 

1-0702 

1-0404 

15 

1-1BB4 

1-1200 

1-0801 

1 -0585 

20 

1-1001 

11313 

1 -01)04 

1-0(117 

2 G 

1-1841 

MUG 

1-IOG7 

14)002 

GO 

1 -2211) 

1-1718 

1-1283 

1-0810 

100 

1*2880 

MOOS 

1-1*150 

1-0032 

200 

1 '2002 

1-2270 

1*1043 

MOBS 


(ii.) Saturated Steam. — In the caso of 
saturated steam, assuming tho specific boat 
of water as unity, thon 

dI n =dT + d(gL), . 


expansion with stage offioionoy t\, 

dI a ~ v ,VdP= v ,qL ( ^, . 

vrw r 1 * 

qJj T I ’' , « . , 

f -■+ ;-=constant. 

T”* 1 “ V. 


( 10 ) 


( 11 ) 


or, 


( 12 ) 


From these equations can be found expres¬ 
sions for tho energy available for work, which 
is equal to tho heat taken in minus the heat 
rejected. 

§ (7) Tiik Reheat Factor. — From these 
expressions wo can calculate tho ratio of 
the onorgy actually available to that which 
would ho available wore tho isontropio law 
followed. 

This ratio has been defined ns tho rohoat 
factor . 8 Calculated values have boon tabulated 
by H. M, Martin in his artiolo “ A Now Theory 
of tho Stoam Turbine.” 3 
It appoars from Tables IV. and V. that tho 
ratio is greater than unity, and also that tho 
values for superheated stoam are greater than 
thoso for saturated steam. 

The disoussion in tho artiolo “ Stoam Engine, 
Theory of," just roforrod to brings out tho 
reasons for this, and should bo consulted for 
further information. 

* Sco “ Thermodynamics,” § (6). 

8 " Steam Engine, Theory of,” § (li), 
a Sco Engineering, July 1018 el seq., cvl. 


. 0.(1 v 


Reheat Factors for Steam initiai.i.v in V j tl3 
Diiv hut Saturated Condition, and expanded 
from Different Initiai. Dhussurks down to 
1 r,«. Absolute, Tjieumai, EQumimiuM ukino 

MAINTAINED TIIROUUIIOUT THU EXPANSION 



.a=d 

1 fi 

*** 8 <}- 


Hydraulic EAlnlouoy ,j tl 


41 * 

m 

0 5 . 

0 0 , 

07 . 

0 ' 8 . 

on. 


o 

i 

1*0085 

1-0078 

1 ' 00(15 

1 - 004(1 

1 '0022 




1-0101 

1 - 0 KH 

1 - 0121 ) 

1 -0080 

1-0013 


ll 

i 

1-0284 

1-0217 

l-ontu 

1 0114 




i 

1 - 031(1 

M 1 -- 5 I) 

I'Olltt 

1-0180 



10 

i 

1*0866 

1 - 02 IH) 

1-0221 

1 Oils 

1-00 1 


lf» 


1-0485 

1 -0818 

1 - 02(11 

1 '0181 

1-0078 




1 041 X 1 

1-0801 

1 * 021)4 

1*0101 

1-0088 



j 

1-0587 

1-0107 

1-0818 

1-0210 

1-0104 


60 


l'O(UII) 

1 O’.H 1 

1 - 031)1 

1-0201 

1-0120 


100 


1 -0800 

1 0 ( 1)0 

1-0175 

1-0318 

1-0155 




l-oonn 

1 '0785 

1-0580 

1-0808 

1-0102 


fr( 8 ) Steam Tuuhinb Diisrcm — In any 
ongino design it is necessary so to proportion 
tho scheme that it shall lead to tho desired 
output at reasonable oflloioncy. Tho output 
doponds primarily on tho weight of fluid which 
will pass in a given timoj tho oflloioncy on 
the arrangements under which tho heat is 
transmitted through tho machine, Thus in 
n_ turbine the blading must ho (a) of suoh 
dimensions as to transmit tho necessary weight 
of steam, and ( b) of suoh form and arrange¬ 
ment as to expand tho steam and do this 
oflioicntly. 

Wo need, then, to consider tho dimensions 
and form of tho nozzles or passages through 
whioh the steam has to pass, 

§ (0) Steam Nozzle Capacity,—T he theory 
of tho nozzle discharge has boon dealt with in 
tho artiolo 1 on “ Tho Steam Engine,” and in 
considering tho oapnoity of tho blading tho 
results of that article should bo made use of.. 
It is there shown that if an expanding fluid 
4 Sco “Steam Engino, Theory of,” § ( 12 ). 
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start from rest at a pressure P, ami attain a 
velocity v and a pressure I’—assuming friction- 
less flow ami no loss of heat, thou writing Z for 
the ratio P/P„ and assuming that under tho 
conditions of flow PV A is constant, V being 
the volume of unit mass at pressure P, 

• ( 18 > 

«»< l Y= 'Zfc‘ • • • < 14 > 


As the steam traverses tho nozzle, Z decreases 
and v and V both inercaso, 

Again, representing by A the area of tho 
oross-scetion of tho nozzle and Q tho quantity 
of fluid crossing that seotion por second—this 
at any time is the samo for all tho flections—wo 
have 

QV —volumo crossing=t>A. 

Iloneo A=0~. . . . (IB) 


It oan ho shown that ns Z doorcases A at 
first decreases and then increases. Tho proper 
form of nozzle depends, then, on tho final valuo 
of tho pressure ratio Z. If this ho small tho 
nozzle will have a throat whoso position is 
determined by finding tho valuo of Z which 
makes Q./A a minimum. Tho valuo of Q/A is 
given by the equation 


“Xa/; X-'V " Z^-i>M)p iVl (W) 


and from this wo find for tho pressure 
at tho throat 

( 2 \ A/<A-J) 

A "(r+i) • • • 

Honoo wo obtain 


Pt-Z.P, 


% 



Vi 


/2^p;vi 

v “x+r» 


ratio 

(17) 

(18) 
( 10 ) 
( 20 ) 


Q 2 \W-1) /T@nr- 

XT Vr^jT+V V <X+i)V~’ 


( 21 ) 


whilo tho area A at any place whore tho 
pressure ratio is Z is givou by 


A fl _/ZA 2 / A /l-Z,P- I)/A \ 

Afi~ \ Z/ \i-M-W)- 


( 22 ) 


Tito reason for tho contraction of tho 
nozzle followed by its expansion oan ho seen 
from tho following. For tho reasons given in 
§ (4), tho velocity of entry to each ring of 
nozzles may ho neglected for tho purpose of 
calculation of tho subsequent oxit velocity. 


Tims wo linvo 1 

where p is tho density mid is equal to 1/V. Thus 


, dP (IP dp 
V<lv ~y = g— J- 
P P 


_-i 


dV. 


if c 2 =>g(tfIVrfp)=veloo[ty of sound in tlio fluid, Thus 

t >1 _<W /dv 
c 2 = V/ u 


Rato of hicrcaso of vohim o 
Rato of innreaHG of vclooity 


(23) 


Ilenco if y is less tlmn c tlio velocity Inorenscs faster 
than the volume inorenscs, and the nozzle must con¬ 
tract in order to maintain the continuity of tho flow, 
while if v becomes greater than c tho reverse takes 
place. 

Ono very important result from those for¬ 
mulae is that tho discharge through a given 
orifico under an initial pressure P, doponda 
only on tho oross-seotion at tho throat and is 
independent of tho back pressure, provided it 
iB not greater than Z,P,; by continuing tho 
oriflcjo beyond tho throat and lowering tho back 
pressure, tho velocity of tho issuing fluid is 
increased, but not tho quantity which iasitcs. 

§ (10) Htkam Cava city ov “ Reaction ’’ 
Hi jAdino. —If wo remomljor that tho volooity- 
ouorgy at entry to tho blading is practically 
equivalent to tho onorgy losses in tlio latter, 
so that tho jot velocity from ono ring of blades 
doponda almost solely on the pressure drop 
ovor it, an application of Lire above formulae, 
or tho diroat uso of tire fundamental equations 

• £=™>, 


for a small drop in pleasure and 
Ay=QV, 

enables tho steam capacity in " Reaction ” 
turbines, whoro tho pressure drop por stage is 
small, to bo calculated in tonus of tho dimen¬ 
sions and initial pressures, regard being lmd, of 
oomso, to tho units in which tho quantities 
are measured, for from tlio abovo wo find 




and Q is given by this equation, which 
reduces to 



II being tho homogeneous bond, for a small 
but flnito drop in pressure. 

In practico a numbor of assumptions are 
usually mado which simplify tho calculations, 
c.g. PY is talcon as constant over any ono stage 
1 See " Htcnm Engine, Theory of,’* 5 (12). 
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ami equal to the homogeneous head, while 
PfZP is written 




P, and P a boing pressures at entrance and exit, 
the diftorence being small in “ Reaction ” 
blading. 

§ (11) Equivalent Turbines and Effi¬ 
ciency— Parsons’ Coefficient.—T he pro¬ 
vision of steam capacity in ft turbine having 
been brielly discussed, the second problem— 
that of efficiency—must now ho considered. 

The earliest Parsons compound turbines 
which worked non-condensing wore made with 
almost parallel drums of a single diamotor, so 
that the mean diameter was nearly constant 
throughout. For the velocity ratio to bo con¬ 
stant, therefore, a constant steam-jot velocity 
was required at ovory row of blados. The 
fundamental equation v l j2g~VdV may bo 
written 


v* 

% 



(2o) 


meters must be devised. Parsons showed that 
in a pure pressure compounded turbine, if a 
given amount of available heat I A is divided 
up equally over N pressure stages, then from 
first principles the velocity ratio 


* 7rdR/12 x HO 

Vfyj \/i a 7N 


=b 


\ 


tf*.li a N 

“ir* 


(20) 


a relation which ho afterwards extended to 
tho ease of a pressure compounded turbine 
which is also volooity compounded. It will 
bo recalled (§ (3)) that in tho case of velocity 
wheels, their equivalence as regards capacity for 
utilising heat whon operating at similar points 
on their respective efficiency curves varies us 
tho square of tho number of velocity stages (a), 
Tho volooity ratio is thoroforo given by tho 
general expression 


u 0-02 

v "n"'V T(PI A 


• (27) 


and shows that for v to ho constant at ovory 
stage tho blado discharge area of each stage 
must bo made (P + dI')/P times that of tho pre¬ 
ceding stage, assuming, as an approximation, 
that II is constant. Since Lho blade discharge 
area is directly proportional to tho blado- 
longtli, it follows that tho onrvo of blade- 
lengths from stage to stage will bo approxi¬ 
mately logarithmic, so that when low-pressure 
steam is to bo used tho blade-lengths on tho 
assumed shaft diamotor will soon become im¬ 
possible of realisation in practice. In other 
words, it is not, in reaction turbine design, 
possible to choose a singlo diamotor of shaft 
which will allow of reasonably largo blado- 
lengths at tho high - pressure end and at tho 
same time reasonably small blado-longtlw at 
the low-pressure end. 

Parsons therefore introduced tho dovico of 
stopping tho shaft, and placing tho blading on 
successively larger diameters (ABCI), Fig. Ill), 
so as to accommodate tho ovor - increasing 
volume of the steam. This artifice very greatly 
reduces tho necessary blade-lengths, because— 

(1) Doubling tho moan diameter doubles tho 
discharge area of a row of blades of givon 
longth j 

(2) Doubling the moan diamotor doubles tho 
moan blado speed, so that double tho stoam- 
jot; volooity is required in ordov to maintain 
the same volooity ratio, 

Thus tho blado-lengths are inversely as the 
squares of the mean diameters. 

This departure from constant or nearly con¬ 
stant moan diamotor, however, soon mndo it 
evident that to facilitate calculation some 
rapid method of comparison of tho value of 
groups of simplo turbines on different dia- 


(using inches and revolutions per minute), which 
is tho gonoral relation connecting moan din- 
motor, numhor of pressure stages, number of 
velocity stages, and tho revolutions of a 
turbine, witii tho volooity ratio attainable 
with a givon total heat drop. 

Tho expression (rf a K a n a N)10-°, or more 
simply, in tho case of pure pressure compounded 
turbines, (d s E a N)10-®, has always been donated 
by “ K,” and is universally known as “ tho 
Parsons coefficient.” It enables instant 
comparison to be made botwoon dill'orent 
blading arrangements. For example, suppose 
that two 3-row Curtis volooity wheels, each 
of 3(1" mean diamotor, are operated at lho 
theoretically oorreot velocity ratio for maxi¬ 
mum efficiency, i.e. 1/0 whon the revolutions 
per minute are 3000. How many single-row 
volooity wheels of 47" mean diameter must 
ho substituted, in order that tho latter may 
operate (with tho same total heat drop as 
before) at their theoretical velocity ratio for 
maximum efficiency, i,c. 1/2 whon tho revolu¬ 
tions per minute are 2400 ? 

If x bo tho number of singlo-row volooity 
wheels required* then 

2(30 x 3000 x 3) 3 «a!(47 x 2400 x 1)“, 

so that aJ — lGJ ; that is, about 10 wheels. 

Again, suppose It is required to ascertain 
how many “ pairs ” of reaction blading on 24" 
mean diameter rotating at 3000 r.p.m. are 
equivalent to tho above. 

It must hero bo noted that in equation (20) 
N refors to tho number of pressure stages in 
a turbine, which in the onso of impulse tur¬ 
bines is Identical with tho number of rings of 
nozzles, 



TURBINE, DEVELOPMENT OP THE STEAM 


1041 


In reaction turbines, however, since there is 
a drop in pressuro over the moving rows of 
blades ns well as over the rows of fixed guido 
blades (the division of the heat drop per stage 
being mndo about equal), it follows that if 
there are N rows of fixed guides (ornozzles ”) 
there are 2N pressure stages in tiro turbine, 
Relation (2fi) therefore becomes 

- - O' (12 s /2 / = ().87 . /E. (28) 
v N V 10 a l A V i A y > 


In this last ease, therefore, 


(47 x 2-100 x l) a x 1C J = {(24 x 3(100 x I ) a y} * 

or y = r>(] roaetion “pairs" or 112 rows of 
blades. 

In the general ease, therefore, of a turbine 
oouststiug of two or moro shafts, rotating at 
difforont vovolntions, thou with any arrango- 
tncmfc of blading oonslsting of a series of wlicols 
of difforont diametors, volocity oompoundod 
or not, if fcho expression 



has a oertain valuo, then any other blading 
arrangement giving tbo same valuo of K is 
equivalent to it. 

(In the onso of roaetion binding, tho abovo 
special modification must, of course, bo 
observed.) 


For example, suppose in a pure pressuro com¬ 
pounded turbine tho total K is 180, and the Btcn.ni 
conditions are such that 380 11. Tli. Unit s/lb. are 
tlieorotlcnlly avallablo for conversion into work, tlio 
moan ovor-nll velocity ratio is 

wliioli is about the peak of tho ourvo of offloionoy for 
aingle-row velocity wheels, 

Further, if a velooif.y compounded turbine (also 
pressure compounded) witli 3-vow wheels has a total 
K of 180 uml operates with the samo licnt drop, 


a 


0.(12 /l80 

3 V 380 




which is nlinut llio iieak of the onrvo of oniolenoy 
for 3-row volooity wheels. 

Lnstly, in a renelien turbine, if tho total K is 
(2 x 180) *=360, then with the sumo availablo heat 

‘Wa-^ 

which is about the peak of tho ofiloionoy ourvo for 
veuotion blading. 

Tho general case, however, is not of the sumo 
importance in mmlorn practice us the special ease of 
puro pressure compounding only, for two reasons: 

<1) Although a group of 3-row velooity wheels, for 
instance, may ho operating at a point on tho corre¬ 
sponding ofiloionoy curve whlolt is similarly situated 
lo tho point at wlitoh a group of Biugle-row volooity 

vol. r 


wheels aro operating on their efficiency curve, the 
actual efficiency will be very different (Fry, 7), so that 
equivalent “ K ” tines not menu equal official 03 ’. 

(2) If equivalent "K” were the condition of equal 
efficiency, then there would he no field for any 
turbine hut tho multiple-row single velocity-wheel 
typo (i'.c, without pressure compounding at all), 
beenuso three or four rows only would suffice to deal 
with tho on tiro heat drop, so that for simplicity and 
shortness this design would be unrivalled. 

§ (12) Comparison of Turbine Perform¬ 
ances. —This method of comparison of tho 
value of different types of blading, or of 
different arrangements of blading of any 0110 
typo, by means of tho coefficient “ K " enables 
tho data obtained from actual tests of turbines 
designed for different conditions to be mar¬ 
shalled in suoh a way that they can bo com¬ 
pared on a rational basis, and further that tho 
performance of a projected design can bo 
predicted with considerable acouracy without 
a detailed knnwledgo of tho losses. 

From aoLuiil test data, coefficients h avo 
been arrived at giving tho difforonco in steam 
consumption obtained with different turbines 
designed Jor, respectively, different steam press¬ 
uro, different initial superheat, and different 
oxhaust vaouum. 

When tho actual steam consumptions of 
difforont turbines aro corrected to an arbi¬ 
trarily assumed standard set of steam con¬ 
ditions in this manner, the ovor-nll officionoy 
ratios calculated therefrom and plotted ort a 
huso of total “ K “ will lie with reasonable 
acoumey on a ourvo which is really of similar 
character to those In Figs. I ami 7. 

Tho ourvo, having onco been established for 
a givon sot of steam conditions, can then bo 
used, in conjunction with the correction curves 
for pressure, superheat, and vaouum, to compare 
actual performances of past turbines, and to 
predict tho performances of now turbines when 
designed for any othor given set of steam 
conditions and tested under theso conditions. 

Suoh a method of comparison, whilst convenient 
for rapid estimation, docs not, of course, render 
dotailed analysis of tbo losses entirely unnecessary 
when designing a turbine to moot n rigorous specifica¬ 
tion, on account of tho fact Hint tlio steam conditions 
and other requirements to bo met in turbine con¬ 
struction arc so widely different that Bpcoiid allow¬ 
ances have to ho made in many cases, 

For example, it ia not possible to compare accur¬ 
ately tho performance of a very small turbine with 
that of 11 largo 0110 by tho coefficient method alone, 
osving to tho fact that tlio losses in a Riunll machine 
must necessarily bo proportionately very innoh 
greater tlmn in a large ono. Again, in very large 
turbines, where tho maximum output attainable at a 
given speed and with a given vaouum is required, the 
“ leaving loss," or lass by kinetic energy of tho steam 
leaving the turbine and entering the exhaust, may 
bo very abnormal, a clrou instance which will con¬ 
siderably diminish the over-nil efficiency of wlmt 
might otherwiso have been a very efficient inaoliino. 

3x 
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§ (13) Calculation or Leaving Loss.— 
Suppose, for instance, that a wheel of mean 
diameter d has a row of blades of clfcotivo 
length k mounted round its periphery. Lot 

k—ad nr -,—a —a constant. 
a 

Using tlio equation 

QV =Av, 

whore A= blind, tlio equation 

Q='-^ . . . (30) 

is obtained. A common value of a for tho 
last row of blades in a turbine is l, so that 

^QV144__QA:_ feet 
V ~w3?k X 3C00 ~5nd*k aoo. 

= tho relative velocity of tho steam 
through the last row of moving 
blades. 

Prom a diagram of velocities (ns in Fig. 17) 
tho absolute velocity of tho steam v 0 as it 
enters tho exhaust 
J) h-*-u ] > . ftS8ft G 0H oan bo 

A' // determined. This 

sT volooity energy is a 

f \ dead loss on tho 

U °f In available onorgy of 

/ ■ expansion for tho 

^ 1 ■>£ 1 1 wholo turbino, and 

• j’la, is known as tlio 

“ leaving loss.” If 
X a is tho boat drop measured in boat units 
required to produce this volocity, thon 

Tr d 3 B.Th.U. 

JIa ~2g .TbT”’ 


j"N 100 = the poroonlago loss in efficiency 
for the wholo turbino. 

It is not usual, in high-pressuro condensing 
turbines, to pormit 1„ to exceed fi per cent of 
Xa. anti this figure is only tolerated in oxtremo 
cases when the exhaust vacuum is vory high, 
and tlio maximum possible output from a 
given frame is required. 

§ (14) The Advantages obtainable from 
Increased Vacuum.—I f I <0 is tlio total heat 
above vacuum temperature (or, moro strictly, 
abovo condensate temperature L 0 ), ami S 0 is 
tlio steam consumption in lbs. per kilowatt- 
hour, tho thormodynamio oflleionoy of tlio 
turbino is 

3412 

x 100 per cent. . , (32) 

'~o x Lo 

If tho vacuum bo increased, or, in other words, 
if tho condensate temporature ho loworod to 
ty, tho improvement duo to the decrease in 
steam consumption will ho to a cortain oxtont 
discounted by tlio inoroasod total boat T (0 , 


whioh has now to ho supplied by the boiler 
plant. In this case tho thermodynamic efli- 
eionoy of tlio turbino is 

x 100 per emit. . . (33) 

S,xl,i 

If, however (as in modern methods of feed- 
water heating now usually adopted), steam 
at pressures considerably below ntmospherio 
is led from tho turbino and used for heating 
tho feed-water, it is possible to lamp l con¬ 
stant, in whioh caso tho improvement in bent 
consumption is identical with tho improvement 
in steam consumption duo to higher vacuum. 

Assuming that them aro about 100(1 B.Th. 
Units remaining in each H>. of exhaust steam, 
it will bo clear that if 1 per cent of tho total 
steam entering a turbine is tapped olf at an 
advanced stago of expansion (so us to minimise 
tho work lost by tapping oil), this will ho 
suffioiont to raiso tlio temperature of the 
main condensate by about 10° F. The tern* 
peraturo of tho exhaust steam cun therefore 
bo lowered by 10° F. — that is, a biglior 
vacuum can bo utilised—without altering U {1 
whioh lias to bo supplied by the boiler plant. 

If the turbino has N stages of equal output, 
and tlio steam is tapped nil in front of the 
(N-l)th stago, then the loss of output will 
bo only (2/N) x 1 per cent, whilst tlio gain due 
to tho raising of tlio vacuum will bo seen from 
Table VI., 1 whioh has been drawn up on the 
assumption of tlio following initial steam 
conditions: 


Gaugo pressure . 
Total toinpornture 
Initial superheat 


300 lbs /hi i. in. 
USB 0 F. 

F. 


Table VI 

Effect op Exhaust Vacuum and Economy’ 


AluMllnlK Ex- 
linueL PrcMtirc. 
Indies lltf. 

ltii|>riiv«iiiont l|i Hlcniii 
Olisuwiitlim In lior will 
of lUHnlSKWIlK. 
Kxhimtt Vncmiin. 

Tt*iii|»?iiiLmi> 

i‘kliKUKt, 0 !•', 

2-0 

0 

101*11 

IT) 

3'32 

01*07 

10 

7-1)0 

78-011 

0-0 

0-I/i 

75*77' 

0-75 

H10 

70*83 

O'O 

13*4 fi 

Oil'8(1 

0-5 

15*35 

r, 8'70 


This table shows, for oxamplo, that a drop 
from 101*1° F, to 0L(t7° F,, which corre¬ 
sponds to an innreaso in vaomirn from 28" 
mercury to 28£" moronry (baromotor 30"), 
improves the steam consumption of tho turbine 
by 3'3 por aent. 

Tlio tftblo also sliows the groat importance 
of high vacuum — in other words, reduced 
exhaust tomporaturo — in ollooting steam 

• e: 1 JournalT.IiJi. ccell. 580. 





TURBINE, DEVELOPMENT OF THE STEAM 


1043 


economy, and especially if the feed-water lie 
heated by means of low-pressure steam tapped 
oif from the turbine. 

The extremely low density of steam at low 
pressures, however, is a circumstance incon¬ 
sistent with the requirement of very largo 
output from a given frame, on account of the 
leaving loss. Compromise has therefore to ho 
resorted to in such eases, which are becoming 
numerically greater and of increasing import¬ 
ance in modem land Power Station work. 

§ (15) Maximum Output fuom a givkn 
Fit A MU. The stresses / in a given disc, duo to 
its own rotation, are proportional to the square 
of the product of the angular velocity w and 
peripheral diameter, and if the blade height 
hears a constant ratio to the mean diameter, 
thon/«w a «J 9 . 

The additional stresses caused by a peri¬ 
pheral load such as n row of blades of given 
holght-ratio are proportional to the same 
produet wW Thus, if \ is tho factor of safety 
nllowod for tho material used, and F iH tho 
ultimate strength of that material, then 


F=X(rw®d a , . . . (34) 

a being a constant. Substituting for iP in 
equation (30), it is scon that 



F 

«* 




F 


for a given case. 


(35) 


Tho maximum output obtainable under any 
given steam Dominions, therefore, depends on 
tho ultimate strength of tho material used, 
and ou tho angular velocity or munbor of 
involutions per sooond. 

It will bo soon from equation (36) that, other 
things being equal, tho dominating footer 
nIYooting output is tho oxhaust vacuum, 
because the “ leaving loss ” dopends upon tlio 
total volume of steam (QV) forced through 
tho last row of blades per unit time. Since 
tho total weight of steam passed per unit 
time is inversely as tho density, it follows that 
for a given leaving loss high vacuum reduces 
total output. On the other hand, high vacuum 
means greater available heat and thoroforo 
—up to a certain point—reduced steam con¬ 
sumption. For a given turhino frame and 
given vacuum, in other words, the output 
should not 1)0 mado to exceed tho limit where 
tho honeiit of that vacuum is wiped out by 
the leaving loss, in which ease tho steam 
consumption will bo practically no hotter than 
that which would lie obtained with a lower 
vacuum. 

When the oxhaust vacuum of a turbine 
is progressively raised — that is, when tho 
absoluto oxhaust pressure is progressively 
lowered—tho steam consumption will fall as 
long as tho leaving Iosh ‘is not oxeessivo, but 
a point is roaohed whore the gain due to further 
roduclion in exhaust pressure is innpprcoiablo, 


and the steam consumption curve becomes 
asymptotic with regard to tho x axis, 

Assuming a given leaving loss, however, it 
is a simple matter in any given case to work 
backwards and find nut approximately what 
value of Q—in other words, what output— 
gives this percentage loss on the efficiency ratio. 
An. approximation to the probablo efficiency 
ratio e of tho turbine will have been determined 
by the coefficient method just described, so 
that tho probablo steam consumption in lbs. 
per kilowatt-hour will be known, and this 
divided into Q gives tho total output in 
kilowatts. 

Thus, 

1 kilowatt-hour 

= 3412 IkTh. Units, 

”tho theoretical steam consumption 
A of tile turhino in lbs. per kilowatt- 
hour, 


3412 


—j- = tlio probablo actual steam eon- 
■* sumption, 


whilst 

Qel 


3412”*1'° in kilowatts. 


§ (10) Tuuuinr Losses.—I n calculating tho 
probable efficiency of a turhino at the coupling, 
the losses which reduce tlio inherent blading 
Qffioionoy or “ curvo ” efficiency {Fig. 7) in a 
givon oaso, may lie divided into three sections j 

(a) (1) Losses in tho steam chest duo to 
throttling and wiro-drawing ; (2) leaving loss 
from tho final stago of tlio blading j (3) losses 
in tho exhaust pip© between tlio turbine and 
tho oondonsor. 

(t>) (1) Leakage losses through diaphragms 
(in impulse turbines) and ovor tho Undo and 
dummy piston oloarances (in ronolion turbines); 

(2) disc friction and blndo ventilation losses 
(in impulso turbines); (3) losses duo to tlio 
faot that Bomo of tlio stages nro operated by 
wot steam. 

(e) (1) Bearing losses ; (2) gland losses ; 

(3) power required to drive tlio governor and 
oil pump, 

Tlio Iohbcs («) vary as the squoro of tho ro- 
speotivo steam velocities, and may thoroforo ho 
oxprossed as a fraction of tlio total isontropio 
heat-drop I A> . 

The losses (/>) depend upon the steam 
conditions for a givon enso, mul rtmdor what 
may ho formed tlio “ indicated" binding 
offioionoy lower than tlio " ourvo ” vahio 
{Fig. 7) for the particular ovor-all volocity 
ratio at which tho turhino is working. They 
may bo expressed ns fractions of tlio “ ourvo ’’ 
offioionoy E. 

Losses {c) are indopondont of tlio steam 
conditions or tlio output of tlio turhino and 
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Tlial. in, the maximum output varies inversely 
us Mm square nf Mm. speed. Since ultomulors 
l^d n 11 in size iimlm' Mm sumo law, it in always 
possible to construct a direct coupled turbine 
drivi'ii alternator. 

In Mm case of dynamos, on the utbor hand, 
tlm output of Mm dynamo dons not go up 
inversely ns Mm square of Mm s|H!o,d, and 
consequently Mmro oonms a point where the 
ilynamo Hpeed is far too low for tlm turbine 
driving it. For instance, a direct coupled 
turbo-dynamo for 1000 lew. at U000 r.p.m. 
nan 1m Imilt, hut at 1500 r.p.m.—at which 
upend a furhiun with tlm same rotational 
stresses nan develop -1001) lew.—a single 
dyniuno can only ho 1 milt for an output about 
twice tlm previous value. If tlm turbine is 
out down in size ho as to develop only 2000 kw. 
at 1500 r.p.m., then tlm value of tlm “K” on- 
ollmioiit will lie far too low to permit of good 
iieoimmy. 

This iimompntibility of speed of turbines 
and diroot current generators ban been solved 
(about 1012) by I’arsoiis, who gradually intro¬ 
duced an accurate form of double helical 
gearing which safely and elllcienlly transmits 
large powers willumi undue noise, thus per¬ 
mitting both turbine and generator to ho run 
nL mipooMvoly nullable speeds. 

The development of mechanical speed- 
veduetion gearing has also opened up a new 
Held ill land work, enabling Mm high-speed 
turbine to ho coupled either through gearing 
alone or by means of a rope drive to tho 
driving shafts of textile mills, paper mills, 
roiling mills, etc. 

A further development In tlio oaso of mills 
and faetorics requiring largo and varying 
quantities of steam for heating and process 
work lias been Mm introduction of tlm “ Pass- 
out” turbine, from which Htmun is contlmi- 
ously tapped olT us required from a suitable 
point on tlm turbine cylinder, whilst the load 
on the driven generator iH automatically 
maintained by tlm governor. 

§ (IH) Tni'i Ktkam Tuhiunk for Marine 

Pluunii.sioN..Tlm steam turbine for marino 

pro]mlsioii lias Mm same eliaraeteristles and the 
same main types us for stationary work. Tho 
wide dilfereuee, however, between a. steain 
turbine and a water turbine alluded to above, 
mining from tho different density of the 
medium, mudo itself immediately apparent 
in Mm remmeiliation that was necessary 
between the conditions needed for uflioicnoy 
of the turbine on tlm one hand and tho sorow 
propeller on the other, Tlm propeller imposes 
serious limitations cm Mm revolutions of tho 
turbines, enpeoinlly in the ease of vessels of 
low speed, whilst with vessels of high speed tho 
phenomenon of cavitation in encountered, 
minimal to high eDicieney, and under eortivin 
eirmi instances the eauso of erosion of the 


propeller blades. Provision has also to be 
made for reversing. 

For those reasons, in marine turbines tho 
full expansion of tho steam is usually spread 
over two or more units in separate cylinders, 
frequently driving separate propeller shafts. 
This multiplication of expansion stages in 
separate turbines was further resorted to in 
order to nicot the demands of widely varying 
output in tiie case of warship machinery. For 
cruising purposes one or more additional 
turbines has been provided through which, at 
oritising Bpeeds, the steam is partly expanded 
before admission into tho main turbine. 
Alternatively, additional stages can be pro¬ 
vided in the high-pressure turbine, which are 
by-passed at full power. When such stages 
consist of impulso wheels, the number of 
nozzles admitting steam can bo varied by 
means of control valves to maintain t'- 
initial .pressure, 

Without such cruising turbines or 
at low powers tho steam would be wire 
at admission, and a considerable pai 
available energy would bo wasted. 

On account of low propeller rev 
propulsion by means of steam turbines 
coupled to sorow propollora was foi 
practicable for vessels of high speed, 
channel steamers, fast liners, and ■ 

For vessols of low speed and small pc 
high-pressure portion of tho turbini 
lie subject to oonsidcvahlc leakage 1 
inferior in oOioioney to tho high-proas 
of a rooiprocating onginc. Tho low 
portion of tho turbino would, liowovc 
its advantage ns regards cDicier 
economical utilisation of tho vacuum 
combination, therefore, of a high-; 
reciprocating engine and low-pressure 
was adopted in a few instances, tl 
pressure turbine drivinr 
Tho ncecssity, liowovc 
has entirely disapj 
of mechanical gear 
turbine, whioh has . 
free to bo designed a 


Turbines : Seo “ Steam 
§ ( 11 )» 

TypCH of, See “ Turb 
the Steam,” § (2); 
Physics of,” §§ (O)-(ia 
Turbulence : Effect of 
Fluids. Seo “ Friction,' 
Turbulence in Internal 
oine Cylinders. Seo “ 
dynaniicB of Internal Com). 
Tweed ell's Differential A 
Hydraulic Storage. Set 
§ (56) (ii.), 
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mm ui'(i tho Redwood, tin'. Mugler, and the Say- 
bn.lt viscometers, eauh nf which is of the How 
typo in which tho viscosity of the liquid is 
liotonninoii liy noting the limo of outflow of a 
dofinito volume of tho liquid through a short 
jot u ruler specified conditions. Tho Redwood 
instrument, of which thoro aro two designs, 
is lined principally in Great Britain, tho Engler 
viscometer in used on tho Continent and to a 
certain extent in tho United States of America, 
while tho Haybolt instrument is used almost 
exclusively in the IJ.S.A. Tho Burbot visco¬ 
meter, used to a limited extent in franco, is 
also of the flow type. 

§ (2) Tiihouy ok h’l.mv TviMi Viscometers. 
—Thn flow of a viscous liquid through a 
uniform capillary tube of circular cross- 
section was investigated by l’oisouillo, and 
in the simplest case may be represented by the 
formula 


whore r/-- volume of liquid flowing in unit time, 
P 2 = fall pressure of the liquid ovor a longth 
L of the capillary, It -internal orosa-scction 
of the capillary, and )/ = the viscosity of tho 
liquid. This formula only holds if tho flow 
of tiio liquid is of the stream lino typo; at 
higher velocities the flow becomes turbulent 
anil other relationships apply. The investiga- 
tioiiH of Oslmmu Reynolds in .188:1 show that 
tho oritleal velocity at which tho flow ceases 
to bo streamline in nature depends upon tho 
viscosity of the liquid and the radius of tho 
tube, 1 ills expression is 



whore V is the critical velocity, R the radius of 
tho tube, and / is the relative fluidity of tho 
liquid. (The fluidity is tho reciprocal of tho 
vi mu wily, and in this ease tho roialivo value 
compared with water at 0° (!. is employed.) 
Tho mmstant in the above expression refers 
to valuos of V and U in (5.O.S. units. 

Kor viscous liquids such as oils tho critical 
voloolty is nob reached in the ordinary types 
of flow viscometer, hut if these instruments 
iiro used for liquids us fluid as water the con- 
Htiinln given later will not hold. 

PoLseiilllo’s formula was dorivod on tho 
ftHHiimptlou that the capillary tubo was 
indefinitely long in comparison with its 
diameter,‘and further, that tho liquid decs 
ilob emerge with any kinetic energy duo to 
tho pressure with which it is forced through 
tho tubo. Both these conditions aro violated 
in the flaw of the short jet visoomotors under 
uoiiHidemtion, and modifications have to bo 
made in tho formula to represent tho actual 
conditions of working. 

‘ " Friction," § (14) (I.). 


A more complete formula tvliieh takes 
account of these conditions is 

_ uR’gSj/iT mSiV 

V ‘ ~ 8V(L + nR) 87{f7+nR)T‘ 

Tho value q in Foiseuille’s formula has been 
replaced by VfT, where V i3 tho volume 
outflowing in time T, while for the pressure P, 
gB,h has been written to correspond with 
the condition obtaining in flow viscometers in 
which the pressure under which the liquid 
flows through the capillary is due to a hydro¬ 
static head h of tho liquid under consideration. 

{(I is tho gravitational constant anil 5, is tho 
density of tho liquid at tho temperature t 
at which the observation is being made.) 

Poiscuille’s expression bolds for a tube of ■ 
indefinite length, so that the pressure P may 
1)0 measured over a length L in which the 
flow is quito uniform, t.c, the streamlines aro 
parallel to the axis of the tube. With the 
case of short jots this condition is not im¬ 
mediately established, and the end effect has 
to bo allowed for. Calculation shows that 
tho length of tho tube has in effect to bo in- 
orensed by an amount proportional to the 
radius of the tube, and hcnco tho length L in 
Poismiillo'a oxpreasion becomes (L + ?iR); tho 
constant n has a valuo 1-C4 if tho ends of the 
tubo arc plane and at right angles to the 
axis. In pmotioo this is not the ease, and 
experimental ilotorminations of this and of the 
other constants aro made as described later. 

Tho second part of the expression is tho 
oorrcction for the kinetic energy of tho out¬ 
flowing liquid, ancl numerous investigations of 
tho value of tlio constant in, both theoretical 
anil experimental, havo been made. If the 
scoond term be kept small in comparison 
with tho first it generally suffices to assume that 
>»=1 in accordance with the result of Couctto’a 
solution.of tho problem, but in tho case of flow 
viscometers the second term becomes promi¬ 
nent, especially for liquids of lower viscosity, 
so that an experimental evaluation of tho 
-lorm is ndeessary. 

Tho general expression above may be 
written in, a simplified form fur use in tho 
case of industrial flow viscometers, since tho 
time of outflow is always determined for a 
definito volume {e.rj. 50 c.c, or 100 e.e.) for any 
typo of instrument, Tho expression becomes 

?r AT 4 

whoro i), and 5, aro the viscosity and density 
at the temperature f, T is tho time of outflow 
of tho specified volume of liquid, and A and B 
are constants depending only on tho dimensions 
of tho apparatus and numerical factors. In 
obtaining this simplified expression it is, of 
course, assumed that tho initial head is 
adjusted to n specified value, and in eonse- 
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dimensions in accordance with the official 
specification aro shown in Figs, 2 and 3. 

In the construction of the instrument 
difficulty is experienced in drilling the hole 
through the agate jot to exact dimensions, 
so that it is the praotico for tho filling point 
of tho instrument to bo adjusted, aftor the 



Jj'ki. i , 


should he carefully adjusted to the level of 
the mark before making observations. An 
error of 1 mm. in setting resulted in a change 
in tlio time of outflow, and consequently of tho 
visoosity, of about 1*3 per cent, 

A number of oils were examined in instru¬ 
ments of normal dimensions, and tho times 
of flow were compared with tho viscosities 
of these oils determined in absolute units by a 
method similar to that employed by Thorpe 
and Roger. 3 T’lieso tests wore made over a 
wide rango of temperature. 

To ovnliiato tho constants of the formula 


curves wore plotted between T {time of out¬ 
flow on the Redwood instrument) and i}[5 in 
absoluto units. Such curves aro found to lie 
sensibly straight for values of T greater than 
about 200 secs., indicating that tho value of 
11/T is small compared with AT for such 
values of T ; the slopo of this straight lino 
consequently gives tho valuo of tho constant A. 

To obtain tho value of Ii by a simple 
graphical method, it may bo noted that the 
general formula may ho written 


jot has boon fixed, such that tho time of out¬ 
flow of fiO o.o. of rapo oil at (10° J\ shall bo 
oqual to 535 seconds. If in order to do this 
it is necessary to place tho filling mark at a 
distanco of more than 0-3 mm. from tho normal 
position shown on tho diagram, tho jot is 
rejected and a more accurately drilled jot is 
ohoson. Tho uso of stool or othor motal for 
tho job would obviate this difficulty, but suoli 
jots would bo more 

. i (mechanically or 

trr.L.. by corrosion), aiul 

*2??' honco tho uso of 
j ugato is considered 
tO'Omin. advantageous. In 

working with this 
instrument it is 
of particular im¬ 
portance that tho 
jot should only bo 
oloaned with soft 
material to avoid chipping at tho sharp 
edges or scratching of tho intornal surface. 

An investigation of the Redwood viscomotor 
(No. I Typo) was made at tho National 
Physical Laboratory 1 in 1012 and 1013, 
Preliminary work showod that in tho uso of 
tho instrument it was important that tlio 
viscometer should bo carefully levelled boforo 
adjusting tho oil surface to tho fixed mark m 
the oil cup; and further that tho oil surface 

1 "Methods ami Ainmrnhw used 
TcstliiK. Part II., Vlscoinotry, w,l>. iwww. 
Medllmurchcs.tWP.l. xl.l, or Chem, 1ml. hoc. J. 
(Abstract), 1013, xxxil. 



Ifia. 3. 


V _ V _ 15 

Ta 

If now tlio values of ij/TS and 1/T* are plotted 
a straight lino should result. This was found 
to ho tlio ease, and the slopo of this straight 
lino gives tlio valuo of the constant B. This 
lends to tho following values, A=(M)l>2i») and 
15 = 1710 in O.O.8. units. Tlio corresponding 
values for foot-pmmd-HCecmd unite aro 

A = 2*80 x 10*“ and H = 1*85 x 10-“. 

The impnrtaiico of maintaining tho oil at a 
constant and uniform temperature during 
observations has already boon pointed out. 
Tho No. 1 typo Redwood vinenmotor offers 
difficulty in uso on this account if the tem¬ 
perature at which tho viscosity is desired is 
not in tho neighbourhood of the air tom- 
poraturc, largely owing to tho upper smfuco 
of tho oil being unprotected and open to 
tho air, while tho under side of tho jot is also 
exposed. 

For accurate determinations it is necessary 
for tho complete instrument to ho enclosed in 
a constant-temperature chamber. This offers 
difficulties at the higher temperatures, and 
reasonably aeon rate results may bo obtained 
without a couutnnt-tonrpowvturo enclosure by 
careful attention to procedure, in view of tho 
foot that tho time of outflow for many of tho 
oils of industrial interest is short ft hove 
f»0°-(10 o (!. In such casus tho temperature of 
tiro water in tho bath surrounding tlio nil imp 
is taken to a valuo a few degrees higher Hum 

* Hog . h ' oo . Phil . Trans ., I HIM, fix XXV. -13 0. 
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Hint nt which the observation is to bo nintlc, 
anil tl 10 oil in allowed to pick up tho tempera¬ 
ture of tho water-bath, being stirred thoroughly 
during this period. Tho tomporaturo of tho 
water-bath is thou allowed to drop very slowly 
to tho required value, tho Bin-ring of tho oil 
being continued until its tonqiemturo roaches 
that of the water. Stirring is then stopped 
and tlio oil is allowed to How out into tho 
graduated flask beneath tho Instrument and 
tho time of outflow is noted. During tho tiino 
of outflow tho tomporaturo of tho oil as indi¬ 
cated by the oil-uup thermometer should bo 
fairly steady, ft drop of tomperaturo of a 
fraction of a degreo being gonomUy obtained. 
Tho mean valuo of tlio tomperaturo during tho 
time of outflow is recorded. It is also import¬ 
ant that tho Husk into which tho oil flows 
should bo warmed to tlio lomporaturo at which 
tho observation is boing conducted, and that 
tlio flnslc should bo protected by some suit¬ 
able material such as cotton wool during tho 
course of tlio oxporimont, in order that the 
temperature of tho oil in tho flask may bo 
approximately tlio sanio ns that in tho oil 
cup, otliorwiso tho volume of oil outflowing 
will vary according to tlio tomperaturo instead 
of boing tlio standard quantity, i.e. 50 o.c. 

§ (5) Rki>wooi> Vjscomuthu (No. 2Tyri-;).— 
For tho determination of tho viscosity of 
lubricating oils ovor tho normal ranges of 
tomperaturo for which theso oils aro used, tho 
No. 1 typo of Redwood visootnotor described 
abovo is eonvonlont, but for fttol oils for whioh 
a knowlcdgo of tho viscosity is required nt 
comparatively low temperatures tlio determina¬ 
tions with tho No. 1 typo of instrument occupy 
an unreasonably long tiino. In connection 
with tlio pumping of fuel oils through pipe 
lines or from storage tanks in tlio open tlio 
value of those viaiiositics at 0° (!. is froquontly 
desirable. Accordingly Sir Bovorton Redwood 
designed a second type of viscomotor known ns 
tbo Admiralty Fuei Oil Visuomotor or tho No. 
2 typo, to onabln this determination to bo 
carried out more readily {seo Fig, 4). Tlio 
si/.o of the oil cup remains unchanged, but tlio 
dimensions of tho jet are increased so that tho 
time of outflow is approximately one-tenth of 
that for tho No. 1 typo visoomotor for tho snmo 
oils, In addition tlio bath surrounding tho 
oil oil|> has been considerably inoroased in size, 
ami is laggod bo Hint it may bo filled with ico 
for making measurements at 0° O. Tho oil 
cup itsolf is raised in tho bath and tho jot is 
pliiced within a Lube so that tho under Bido of 
tho oil imp is also exposed to tho tomporaturo 
of tho bath. This is an improvement on tho 
design of tlio No. Ttypo, Tho uppor surface of 
tho oil is, however, exposed to tho air, which 
makes it difficult to onsuro that tho vliolo of 
tho oil is at a uniform tomporaturo. In tho 
ubo of tlio instrument attention may also bo 


called to tbo possibility <if tlio condensation of 
water on tho surface of the oil and on tlio 
under side of tho jot when using tbo instrument. 
nt low tempo ratines, especially on a damp day. 
This condensed water may run into tho measur¬ 
ing flask if the ncccssnry precautions aro nob 
observed. Tho quantity of oil allowed to flow 
into the measuring flask is tho same, viz. 50 o.c., 
ns in tho case of tlio standard instrument. 

Tlio normal method of indicating results for 
a viscosit}' determination is to quoto tho time; 
of outflow in seconds of 50 c.o. of oil. For. 
purposes of subsequent calculation, however, 

Support for Water-bath Support for 011-eup 



it is more usoful to know tlio absolute valuo of 
tbo viscosity. An investigation was carried 
out at tlio National Physical Laboratory on 
tlio linos of that referred to in connection with 
tlio No. I typo instrument to dotormino the 
now values of tho constants A and B in tho 
gonoi-ftl expression 


For tho No. 2 typo tlio values arc ns follows t 
A ^0-0270, ; 

B = 11*2, j 

when tho results are expressed in C.G.S. units. 
Tho corresponding values for foot - pound 
scoond units aro 

A = 2'91 x 10' B , • 


B = 1-20 x 10 -2 . 

§ (0) Tim Enolhh VisooMJiTun. 1 — The 
Englcr viaconiotor was introduced about the 
snmo time as tho No. 1 typo of Redwood 
instrument and, ns in tho case of tlio lattor. 
consists of an oil cup providod with a jot at the 


» " PrllfimnsbcfltlnuminRan ftlr 7,niilRkcltaillessci 
nneh EeRler," '/.eils. Ohm, Iml, 1007, xxx, No. 0 
“ Kin Anpnrnt zur Bestliiimiiiig dcr soRcnanntt 
VlscoHltilt dcr Schmlorttlo,*’ C. Knfllor, Zciis . Ohms 
188B, lx. 180-100; SclamemiUoli und thro Untcr. : 
sttehung, A. Kunklor, 110-121. i 
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lower end, but the whole is enclosed in a water- 
liivth tho general design of which more closely 
ro rambles that of the No, 2 typo of Redwood 
viscometer. Tho dimensions of the Engler 
instrument are shown in Fit/, {5; tlioy differ 
-from those of tho Redwood instrument in that 


- - ' Oil-cup oovor 
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1 Filling Puli it 
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structcd tables to convert times of outflow to 
absolute viscosities,* His formula is 

„ 4-072T 3-513T W 
T w T ’ 

where T is the time of outflow from the Engler 
viscometer of 200 c.c. of the liquid under con¬ 
sideration and T\y iB the corresponding time 
of out flow for water at 20 5 0. for the instrument. 
Tho product Zo is known ns the “ specific 
viscosity,” and is connected with the absolute 
viscosity by the expression 

ij=ZSx 0-01797. 

Z is in effect the relative viscosity of the liquid 
compared with that of water, allowance being 
made for the density (6) of tho liquid. 

For a viscometer of normal dimensions T\y 
should be 51 secs,, bo that the above expressions 
may ho combined giving 

|=0-001435T-^. 


tlio oil cup IH wider and shallower, wliilo tho jot 
i b longer and of larger diameter. The lovolling 
of the Engler viscometer is carried out by 
bringing the oil surface into coincidence 
simultaneously with each of three filling points. 
'JHio volume of oil dealt with is largor, a ilask 
of 200 c.c. capacity being omployed instead of 
tlio 50 e,o. for the Redwood instrument. In 
view of the shallow naturo of tho oil oup 
a renter earn lias to bo paid to tho levelling of 
this apparatus. An error of 1 mm. in sotting 
tlio initial level gives an ortor of 2-5 por cent 
i n tlio results. , „ , 

Jn the official specification for tho Engler 
apparatus it is stated that tho tlmo of outflow 
for 200 o.o. of distilled wator at 20° C. must lio 
Ijotwoun 50 and 52 scoonds, This variation 
I ins to ho allowed, as it is impracticable to 
Bootiro an accurney of more than 1 per oont in 
tho internal diamotnr of tlio jet j this variation 
takes tho place of tlio variation in height of tho 
filling point which is permitted in tho caso of 
tho Redwood instrument to compensate for 
tho slightly varying diamotors of tho jots. It 
may ho pointed out lioro that tho jot of tho 
ISngior apparatus tapers slightly, probably for 
convenience in manufacture ; tho tapor bomg 
approximately 1 in 30. Tills convergence 
involves a slight modification in tho ordinary 
Poiscmlllo formula for tho flow of a liquid 
through a tuboj tlio effect, howover, duo to 
this is of the ordor of 0-2 per cent, so need not 
bo taken into account, Tho How of a viscous 
fluid through a circular tube with uniformly 
converging boundaries has been theoretically 
investigated by Gibson. 1 

Viscosities determined on the Engler vIbco- 
inotov are expressed in terms of tho time of 
outflow of wator, and Ubbolohdo has con- 
« Phil. M«U., 11100, xvill. 3G. 


It will bo noted tlmt this expression is very 
similar to that derived for tho Redwood visco¬ 
meter, tho values of the constants necessarily 
being different on account of tho different 
dimensions, The ratio of B to A is greater for 
tho Engler apparatus than for tlio Redwood, 
indicating that tho kinetic energy effeot is of 
greater importance in the Engler viscometer; 
this is, of course, duo to the larger diameter of 
tlio jet. 

From tho two formulae previously quoted, 
for tho Redwood and Engler viscometers 
respectively, a comparison of tho times of out¬ 
flow can at onco bo made. Tho ratio of these 
times becomes Bonsibly constant for values of 
150 secs, and upwards for tho Redwood 
Viscometer; tlio constant value of tho ratio for 
instruments of standard dimensions is 1-81, the 
timo of outflow from the Engler viscometer 
being greater than the corresponding time from 
tho Redwood instrument. 

One point to which attention may bo drawn 
in connection with the Engler instrument is the 
provision of a doublo cover to tho oil cup, which 
is a marked improvement on tlio Redwood 
instrument. Of course, in tlio case of tlio 
Engler viscometer provision of this naturo is 
quite essential in view of the largo surface of 
oil othonviso exposed. ■ 

For oilB of high viscosity there is no modified 
form of the Engler viscometer corresponding 
to tlio No. 2 typo of Redwood instrument, but 
L. Edoleanu and Milo. Dulugca have suggested 
that the timo of outflow for thick oils should be 
determined for quantities of 25, 50, or 100 c.c. 
instead of for tlio normal quantity of 200 o.c.; 
in this way observations can bo obtained in com¬ 
paratively short times. The lime of outflow is 

» Ubluiiolide, TabcUen turn F.ngUrschen T’Mosi- 
«i«fer, 1007. 







1052 


VISCOMETRY 


not directly proportional to tlio quantity, as tlio 
head under which tlio oil flows through the jot 
is greater at llic commencement of nil observa¬ 
tion than at l-ho end ; consequently the above 
investigators have determined ft series of 
factors by which the times for tho small 
quantities' must bo multiplied to givo corre¬ 
sponding times for tho standard quantity of 
outflow, namoly 200 c.c. 

§ (7) Tin: Saybolt Viscometer.—' The Sny- 
buil viscometer is used largely in America nnd 
was designed by tlio Standard Oil Company of 
America for commercial use in that country. 
Sovoral forms of this instrument have been 
made, but there appears to bo no official 
specification published dealing with the instru¬ 
ment. This viscomoter is similar in construc¬ 
tion to tho instruments already described in 
that a short jot is attached to tlio lower end of 
an oil cup surrounded by a water-bath. Tlio 
initial sotting of tlio oil level is accomplished 
by completely filling tlio oil cup so that the 
oil just overflows into a.channel surrounding 
its upper edge. Tho relationship botweon tlio 
time of outflow and tho absolute viscosity 
of tlio oil bus been investigated rccontly 
at tlio Bureau of Standards by W. H. 
Hersohol, 1 

For a Saylmlt Universal viscometer of normal 
dimensions the constants A and B In O.G.S. 
units in the formula 

’- — AT -S 
s" A ' 'i 

arc A = 0-0022U, 

fi~ 1-K0. 

§ (8) Tub B, tunin' Viscometer.— Burbot's 
viHooineloi’ is of very restricted uso, and a 
brief mention only will ho made boro. Tho 
instrument is of the flow typo, but is distin¬ 
guished from thoso already doalt with in that 
the jot is annular instead of cylindrical; tho 
jet consists of an iron rod i mm. in diamotor 
supported centrally in a oylimlneal hole f> mm. 
in diameter in a brass block. This method 
offers obvious disadvantages in that tho 
accurate centring of tlio rod within tho holo 
is difficult of attainment. 

§ (fl) Torsion Viscometers.— Tho bistro - 
immts dealt with up to the present have all beon 
of the flow typo. A mimbor of other instru¬ 
ments, however, have boon dovisod from limo 
to lime, lmt these are of vory limited applica¬ 
tion and have not mot with gonoral use in 
industrial work. Tho torsion typo of visoo- 
motor depends upon tlio drag oxorted by a 
viscous medium upon tho motion of a cylinder 
rotating within a cylindrical vessel. Tims in 
flic Doolittle viscometer tho oylindor is sup¬ 
ported by a torsion wire from a torsion hoad 

i Bureau of fUntulutda, Toolm. paper No. 100,1017, 
nnd Ho. U2,1018. 


which may bo rotated through a definite an. 
attached to the cylinder at tho lower end ol 
wire is a pointer moving over a circular si 
The upper end of the wire is rotated thro 
360 degrees, but owing to the viscosity of 
liquid in which the cylinder is immersed 
lower end of the wire will not move to the s 
ox tent. Tho cylinder rotates for part ( 
revolution and then swings buck in tho oppi 
direction to a still smaller extent, 
retardation botweon tho first and see 
swings may be taken as an approx it 
measure of tho viscosity. Deference shout 
mado to the article on “ Friction ” 3 fc 
complete account of tho motliod of detornl 
tion of tho absolute viscosity by tlio logaritl 
decrement of an osoillating disc. 

In tlio viscomoter introduced by Searlo 1 
use with vory viscous liquids, tho to: 
required to rotate one oylindor within nno 
oylindor where tho intervening spaco is f 
with the liquid under test is measured 
definite velocities of rotation. Tho inotlii 
especially applicable for use with vory vis 
Biibstances such ns tar, tliiolc syrup, and 
heavier crude oils. Tho ordinary desig 
this apparatus does not provido for cm 
of tomporatuio, wliioh is of tlio greatest ini] 
atieo in theao determinations. 

§ (10) Michele Viscometer. — A . 
simplo typo of viscometer for commercial 
has recently been pub upon tho market, v 
consists of a steel ball fitting into a steel 
Complete contact is prevented by three t 
pvojootions on tlio inner surfaco of tlio 
wliioh maintain the ball at a definite dial 
from this surface. In operation a fow dro 
oil aro placed in the oup nnd tlio ball is pul 
position, air being carefully excluded 
between tlio two. Tho oup is then inv 
and tho ball is pressed upon a hard surf a 
ensure oloso contact with tlio project 
Tlio oup with ball is than lifted vertically i 
stop-watoli simultaneously started; uf 
period lias elapsed tho ball will dotaoh 
from tho oup, nnd tlio moment it becoma 
tlio watch is stopped. The period reqnlri 
tho rclenso of tlio ball is a measure o 
viscosity of tho - oil filling the space, am 
action of tho instrument depends on the 
orcoping of the oil through tho somi-spl) 
shell botweon oup nnd ball. Tho tcnipei 
of tho oil is indicated by a thormomcb 
sortod in a holo in tho handle attachod I 
oup and tho relatively largo amount of! 
employed in tho construction of tho instn 
compared with tlio small quantity of oil j 
examination onsuros that tho temporal' 
tho oil remains sensibly constant at tlio 
indicated by tho tjiorinomotor thiriuf 
1 tost. For moro accurate clotormiimtior 


Cambridge Phil. Sae, 


" Friction,” $§ (G), f0). 
. ~ . Proc„ 1012, 


xvl. W 




VISCOSITY—WATER-POWER 


1033 


lloltom Handle to 
onrrg Thermometer 


0 p P irtti<m in oar vied out with t,ho cup and ball 
con il>letely immersed in'oil throughout the 
observation. In this 
way surface tension 
effects at the edgo of 
the oil film in the 
ordinary method of 
procedure are elimin¬ 
ated, and tho time 
taken for tho ball to 
detach itself from the 
cup is solely dependent 
upon the viscosity and 
density of tho medium, 
dimensions of the standard 
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Viscosity: 

Defined l*y Maxwell. See “ Friction,” § (1). 

Of Fluids, Mochanioal! tho sheaving stress 
which may exist in fluids whioh arc in 
turbulent motion. See “ Friction,” § (11). 

Of Oases, Experimental Determination. 
See ibid. § (H). 

Kinomfttloal, Effect on Iloat Convection. 
Seo “ Heat, Convection of,” §§ (2) (iii.) 
mid (4) (v.). 

Of Liquids, Effect of Pressure on. Seo 
“ Friction,” § (8). 

Of Liquids, Poisouillo’s Experiments. See 

ibid, $ (fi). 

Mechanical Method of Determination of 
Ooofllfllont. Boo ibid. § (12). 

Of Solids, ftoo ibid. § (10). 

Tomporaturo Coodloiont of. Seo “ Vis- 
eometryi" 8 (3). 

Thorny. Sod " FrioUon,” § (2), 

Of Thiok Oils, Experiments at tho National 
Physloal Laboratory. See ibid. § (7), 
VlHfKMIUY TaCKKOMKTBH: Air type. Seo 
” Motors,” § (10) (H.). Vol. Ill 

Mercury typo. Seo ibid. § (10) (i.), ^ °1. III. 


Viscous Fluid : 

Dynamical Similarity in the Motion of: the 
principle that, if a scries of bodies, ell of 
tho same geometrical shape, be moving in 
a system of fluids, viscosities »•,, r,. . . , 
with velocities V,, V,... , then, provided 
VJ/r is maintained constant, photographs 
of the flow pattern taken on cinemato¬ 
graph films of the same size will all he 
identical as far as the consecutive geo¬ 
metrical configuration of the stream lines 
and eddying systems are concerned ; the 
rates nt which the processes unfold them¬ 
selves will, however, be different. See 
“ Dynamical Similarity, The Principles 
of," § (17). 

Motion of a: Relation between Experi¬ 
ments on Model and on Full Scale, 
considered by the principle of Dynamical 
Similarity. Seo ibid. § (IS). 

Motion of a Body in a, considered by tho 
principle of Homogeneity of Dimensions. 
Seo ibid. § (14). 

Volume-coefficient of Expansion of a Gas, 
Experimental Determination of, at con¬ 
stant pressure. Seo “Thermal Expansion,” 

§ (16). 

Volume-coefficients of Various Thermo- 
metric Gases, tabulated. See “Tempera¬ 
ture, Realisation of Absolute Scale of,” 
§ (18), Table 3. 

Volumes, Relative, of Various Gases at 
High Pressures; Amagat’s values, tabu¬ 
lated. Seo “ Thermal Expansion,” § (18) 
(iii.). 

Volumetric Efficiency. Sec “Petrol Engine, 
Tho Water-cooled,” § (3). 

Volumetric Heats : Tables of, for Nitrogen, 
Carbon Dioxide, and Water Vapour. Seo 
“Speoific Heat of Gases nt Higli Tempera¬ 
tures,” §§ (3), (0). 


W 


Wake and Hull Efficiencies. Sco “ Ship 
ltesiatanoo anil Propulsion,” § (46). 

Water : , . _ . . 

Boiling-point of, on Centigrade Scale, at 
different Imromotrio pressures, tabulated. 
Boo " Thormomotry," § (3) (v.), Table I. 
Expansion of, at various temperatures, bee 
" Thermal Expansion," §(11); 

Inlluonco of Pronauro on Thermal Expansion 
of, tabulated results of P. W. Bridgman. 
Soo MiU § (12). . . 

Latent Iloat of Evaporation of. oxpoiT- 
montal values for, compared with those 
given by theoretical formulae and tabu- 
- ’ See "Latent Heat, § (0), 


jfeiSpf 


JjfiStfSl of Evaporation of, Griffith’s, 


values for temperatures 30 and 40° C., 
tabulated. See ibid. § (2), Table II. 

Latent Heat of Evaporation of, A. W. 
Smith’s values for, tabulated. See 

ibid. § (4), Table HI. 

Latent Heat of Evaporation of, Rcgnaiut s 
values for, tabulated. Sec ibid. § (1) 
(i.), Table I. 

Specific Heat of, at various temperatures, heo 
“Heat, Mechanical Equivalent of,” §(7). 

Specific Heat of, Rcgnault’a value and 
application of. Seo ibid. § (7). 

Water-power; 

Industrial Applications of. bee ny 

draulics,” HI., §§ (40), (54) 

Supply available for, and list of largest 
installations. See ibid. § (20). 
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WATER WAVES, SPEED OE— ZIRCOKIA, FUSED 


Water Waves, Steed of. In shallow water, 
in which the depth h is small compared with 
X, the wavo-Iength, 

V=\ r g}>- 

In deep water, where h is largo compared 
with X, 

. V 

Water-wheels. See “ Hydraulics,” § (47). 
Watt’s Engine. Seo ‘‘Steam Engino, Re¬ 
ciprocating,” § (11). 

Wave-length, “ Effective,” determination 
of, for various tomperaturo rangos. Seo 
“ Pyromotvy, Optical,” § (12). 

Wave-motion Power Transmission. Sco 
“ JlydraulicH,” § (00). 

Waves : 

Tliaory of, Sco “ Ship Resistance and 
Propulsion,” §§ (22) and (23). 

Volouity of, Application of Dynamical 
Similarity to. See “ Dynamical Similar¬ 
ity, The Principles of,” § (13). 

Whirling Arm Dynamometer for testing 
Aiu-sorkwh. Sco “ Dynamometers," § (8). 
White, determination of melting-points of nili- 
oates, iiKing a Llionnooouplo. Soo “ Thormo- 
oouplcH,” § (22) (iii.). 

Wien’s Disflaoement Law : tho law govern¬ 
ing tho distribution of onorgy of radiation in 
various parts of tho spootrum. It states that 

Ex=X-°/(M, 

ivhoro r iB tho absoluto tomperaturo, 

X is tho wavo-longth of radiation 
considered, 

E\ is tho density of isotropic energy 
per unit wavo-longth, 



and / an unknown function, deteri 
other conditions ’ than those of 
dynamics. Sco “ Radiation Theoi 
(ii.), Vof. IV. 


Wien’s Formula : a formula g : 
approximation to tho curve of dit 
of radiant energy along tho speo 
tho side of the short wavo-lcn 
has tho form 




c 


hdkiK 

9 


and was tho earliest radiation fc 
bo suggested. Sco “ Radiation 
§ (0), Vol. IV. 

Wien’s Law and Stefan-Boltzma 
Comparison of, to 2800° C. Set 
motry, Optical,” § (2) (iii.). 

Willard Girds’ Thermodynamic Pa 
Seo ‘‘ Thermodynamics,” § (01). 

Witkowski : investigations on tho i 
of air and hydrogen at high 
comprising tomporaturcs below ( 
“ Thermal Expansion,” §■ (18) (i 
Values of pv for air at high pros 
various temperatures, . tabula! 

ibid, § ( 18 ) (iv,). 

Values of pv for hydrogen at high 
and various tcniporaturos, tabuh 
ibid. § (18) (iv.). 

Wood, Strength Tests on. Sco 
Constants, Dptormination of," §§ (1 

Wood, Thermal Conductivity . 
“ Heat, Conduction of,” § (4) and 1 

Worm Gear. Soo “ Mcohnnical Pow 


Y 


Yield PorNT definition of the yield point 
and distinction between it and tho elastic 
limit. Sco “ Elastic Constants, Determina¬ 
tion of,”§§ (21), (02). 

Young’s Modulus : a term used, in tho theory 
of elasticity, to douoto tho constant Is in 
tho strain Hystom 


T, 

■jj) > 


c,. u —= -(rc_»= -c 


13 and a being constants of tho mo 
e vv , c BJ tho Btrotohcs in tho dircoti 
axes Oai, 0 y, O z rospeotivoly, tb 
boing under a simple tensilo stress 
T v Sco "Elasticity, Theory of,” 



53BUG, Absolute. Sco “ Thormodynamios,” 

('!)> (2D- 

55duo of a Thermometer, Determination of. 
See " Thomomotry,” § (3) (iv.), 

53ino ! 

Atomic Hoat of, at low tomporaturoB, 
Nomsl’s values for, tabulated. -See 


" Calorimetry, Electrical Mot 
§ (II), Table VI. 

Spcoilio Hoat of, at various ten 
tabulated, with tho Atomio 1 
ibid. § (10), Tablo V. 

ZmoONiA, Fused, a very refractory 
suitable- for use as the outer i 
sheath of a thermoelement. Sco. 
couples,” § (5) (vi.), 
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